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Dissolved organic nitrogen (DON) is a dominant form of nitrogen in aquatic 
environments. Knowing source, transformation and fate of DON is important to understand 
global carbon and nitrogen cycling. However, our knowledge of DON in aquatic 
environment is still limited partly due to inherent analytical challenges. In this dissertation, 
DON dynamics, including urea, peptide, and natural DON, are systematically studied 
through field sampling and laboratory-based incubation experiments using the state-of-art 
analytical techniques. The dynamics of urea, a labile DON molecule, and how its cycling 
relates to blooms of Microcystis in Lake Taihu, China were investigated. The metabolism 
rate of urea ranges from non-detectable to 1.37 µmol L-1 h-1 for regeneration, and from 0.04 
µmol L-1 h-1 to 2.27 µmol L-1 h-1 for potential urea-N removal. Microcystis culture 
experiments demonstrated that Microcystis only has minor effect on urea dynamics, and 
bacterial community analysis further suggested that heterotrophic bacteria play a major 
role in urea metabolism, even though Microcystis is the dominant bloom organism. To 
investigate the long-term fate of labile DON, incubation experiments were conducted using 
 viii 
15N-labeled tetra-peptide (Ala-Val-Phe-Ala) as substrate. The fate of 15N was monitored 
throughout the incubation with a newly developed holistic analytical method. Over 40% of 
peptide N was transformed into uncharacterized DON within several months, in 
comparison with typically less than 10% for C from previous studies. Moving forward into 
the mystery of the black box of DON and dissolved organic matter (DOM), molecular 
structure of DOM was investigated using an Ion Mobility Quadrupole Time of Flight 
Liquid Chromatography Mass Spectrometer (IM Q-TOF LC/MS). Geometric 
conformation of DOM molecules was introduced into molecular-level analysis via the ion 
mobility (IM), and an actual measurement of isomers was achieved for the first time. We 
established a quantitative measurement of isomers in natural DOM from south Texas 
Rivers and coastal seawater. Our result showed that about 10% of natural DOM molecules 
had at least one but no more than four isomers. Overall, the new information on the 
dynamic, the long-term fate, and the molecular-level information of DON provided in the 
dissertation opens new dimensions of this field in the future. 
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Chapter 1. Introduction 
The basis of the operational definition of dissolved organic matter (DOM) was 
formed in the mid-20th century when glass fiber or silver fiber filters became available in 
oceanographic researches (Kalle 1966; Bronk 2002; Ridgwell and Arndt 2015). The 
organic materials passing through filters with a pore size of ~0.45-1.0 µm are considered 
arbitrarily as “dissolved matter”, whereas the retained particles are termed “particulate 
matter”. This definition persists to today, even though we now know that seawater actually 
contains a continuum of discrete units from the size of a water molecule to that of a whale 
without any discernible break (Sharp 1973; Bronk 2002).  
DOM represents the largest exchangeable carbon reservoir on earth, with a total 
amount of C estimated over 660 × 1015 g (Carlson 2002; Dittmar 2015). Dissolved organic 
nitrogen (DON) is a subset of the DOM pool containing nitrogen (N) and is often the 
dominant N form in aquatic environments. About 58-77% of the bulk of the TDN pool is 
comprised of DON, except in the deep-ocean and the high nutrient low chlorophyll 
(HNLC) Southern Ocean (Berman and Bronk 2003; Sipler and Bronk 2015). 
Concentrations of DON have been measured systematically by the U.S. Global Ocean 
Carbon Repeat Hydrography program (http://ushydro.ucsd.edu/) since 2003. The mean 
global DON concentration in surface waters is 4.4 ± 0.5 µmol N L-1, with a range of 2 to 7 
µmol N L-1, while deep ocean has a lower DON concentration with most values in the 2 to 
5 µmol N L-1 range and a mean of 3.6 ± 2.2 µmol N L-1 (Letscher et al. 2013; Sipler and 
Bronk 2015). DON concentrations often increase along a decreasing salinity gradient, with 
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higher values in coastal, estuarine, and then river waters, with corresponding increases in 
the range of variability (Sipler and Bronk 2015).  
The DON pool is especially important to microorganism, considering that one 
molecule of DON will provide them with needed N, carbon (C) and energy (Bronk 2002; 
Sipler and Bronk 2015). Despite its importance, the research effort into DON dynamics 
lags far behind that of dissolved organic carbon (DOC) (Bronk 2002; Sipler and Bronk 
2015). This situation mainly results from the substantial analytical challenges inherent in 
DON research: for instance, the substantially lower concentration of DON compared with 
DOC, the multiple chemical analyses required for a single DON measurement, the 
difficulties in inorganic N removal, and the lack of easy-to-use radioactive isotope (like 
14C for C, Bronk 2002).  
The marine DON pool is referred to as a “black box” due to our lack of insight. 
Most of the specific compounds are not identified but can change over small space and 
time scales (Bronk et al. 2007). So far, only limited information on the processes that 
control the smaller, relatively labile DON has been identified. In aid of simplification, this 
“black box” is operationally divided into three different subsets based on stability (Sipler 
and Bronk 2015) ranging from labile DON (i.e., urea, peptides, fresh proteins, dissolved 
free amino acids [DFAAs], etc.), to semi-labile DON (i.e., proteins, dissolved combined 
amino acids [DCAAs] and amino polysaccharides), and finally to refractory DON (mainly 
unidentified compounds). The definition of these three subsets is quite dynamic, and can 
be context or study specific. In this work, we define that DON with a turnover time less 
than a few days as “labile DON”; DON with a turnover time over a year as “refractory 
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DON”; and DON with a turnover time ranging from days to year as “semi-labile DON”, 
following a previous DON study (Bronk et al. 2007; Sipler and Bronk 2015). DON can 
transfer from one subset to the other through abiotic or biotic processes (e.g., Amon and 
Benner 1996), and microbial organisms play an important role in the transformation 
processes (Brophy and Carlson 1989; Tranvik 1993; Heissenberger et al. 1996; Ogawa et 
al. 2001).  
As a consequence, research efforts in DON can be placed under the umbrella of 
two extreme aspects, with one focusing on the sources, cycling, and sinks of labile DON 
in aquatic systems, whereas the other one aims at unfolding the black box of unidentified 
refractory DON. With DON being transferred among different pools, these different DON 
research directions are intertwined. Advances in analytical techniques within the last 
decade or so have greatly increased our knowledge of the chemical composition of the 
DON pool, especially its labile fraction, and is poised for rapid advances in the future 
(Sipler and Bronk 2015). Urea, one of the simplest labile molecules of DON, plays an 
important role in the N cycling on a global scale, and was studied as early as the 1970s 
(McCarthy 1970). In general, urea concentrations in open ocean systems are very low, with 
a mean of <1.0 µmol N L-1, only accounting for a minor percentage of the overall DON 
pool in marine system, ranging from 4.4% in the Chukchi Sea (Baer et al. 2017) to 22.1% 
in the Sargasso Sea (Sipler and Bronk 2015). However, the impact of urea is much higher 
in coastal, estuarine, and freshwater systems, with concentrations as high as 25 µmol N L-
1 (Lomas et al. 2002; Glibert et al. 2006; Kudela et al. 2008). Both phytoplankton and 
bacteria use urea (Solomon et al. 2010b), but phytoplankton are often the primary users 
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(Collier et al. 2009; Allen et al. 2011). Urea uptake is documented by many studies in many 
different regions, and can account for a wide range of the total N uptake from ca. 4% in 
Hong Kong estuarine waters (Xu et al. 2012), to over 80% in coastal South Atlantic Ocean 
(Varela et al. 2005).  
Urea has drawn attention recently due to a huge increase in industrial urea 
production over the last 40 years (Glibert et al. 2006, 2014), along with rising harmful 
cyanobacteria bloom problems worldwide. However, only a few studies have focused on 
the relationship of urea cycling and cyanobacteria (e.g., Belisle 2014; Belisle et al. 2016; 
Yang et al. 2017), and the role of urea in cyanobacteria blooms remains unclear. Knowing 
how urea is cycled through cyanobacteria activity, and to what extent urea supports the 
growth of cyanobacteria is crucial in understanding how labile DON cycling affects the N 
cycle on a larger scale. Specifically, it will improve our perception of the formation, 
development, and prevention of harmful cyanobacterial blooms (CyanoHABs).  
Proteins and peptides are another group of labile DON that play irreplaceable roles 
in global nitrogen cycling, as they account for 25-70% of phytoplankton and zooplankton 
biomass (Lewis 1973; Emerson and Hedges 2008; González López et al. 2010), and are 
important substrates for microbial populations. Proteins and peptides are released from 
marine biota via different processes such as extracellular release by phytoplankton, “sloppy 
feeding by grazers”, and bacterial metabolism of organic matter (Carlson 2002). Even 
though proteins and peptides occur in low concentrations in natural environments (e.g., 
ranging only from 0.2 to 4 µmol L-1 in coastal ocean; Bronk 2002), they still support a 
major portion of bacterial growth via rapid turnover (Kirchman and Mitchell 2008). Small 
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peptides, for instance, are incorporated into bacteria biomass, metabolized to CO2 and 
NH4+, or released as DOM in other forms. The utilization of peptides by bacteria in short 
time scales (hours to days) has been extensively studied recently (e.g., Liu et al. 2013, 
2017; Liu and Liu 2015b; a, 2018).  
Besides its rapid decomposition, as an important intermediate connecting protein 
degradation, nutrient regeneration, and DON preservation, peptides are an excellent 
substrate for longer controlled incubation experiments to study the formation of semi-labile 
or even refractory DON, and to interrogate possible mechanisms for the long-term stability 
of DON. The role of heterotrophic bacteria as well as autotrophic microbes in the uptake 
of DON is important (Bronk et al. 2007; Mulholland and Lomas 2008). Roughly 35 ± 13% 
of total DON in coastal oceans was bioavailable on time scales from 2.5 to 300 days, in 
contrast to 22 ± 12% for DOC (Sipler and Bronk 2015). However, studies of the production 
of DON through microbial activity are still scarce compared with C. Tracking the fate of a 
known N compound throughout an incubation can provide insights into the DON 
production. This approach also leads to the second aspect of DON research, the study of 
“black box” DON with intermediate stabilities. 
One common approach to study uncharacterizable DON is through controlled 
incubation experiments, in which the metabolism of organisms combined with the 
compounds, which they create, degrade and/or modify, is studied (Kujawinski 2011). Many 
different substrates, including but not limited to glucose (e.g., Gruber et al. 2006; Lønborg 
et al. 2009), leucine (e.g., Heissenberger and Herndl 1994), glucose and leucine (e.g., 
Brophy and Carlson 1989), glucose and glutamate (e.g., Ogawa et al. 2001), and detrital 
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lignocellulose (e.g., Moran and Hodson 1989; Bergbauer and Newell 1992), have been 
used to investigate the formation of semi-labile and refractory DOM. Only small fractions 
of substrate, ranging from 1.4% when using leucine as the substrate (Brophy and Carlson 
1989) to 7.3% when using glucose as the substrate (Lønborg et al. 2009), were transformed 
into unidentifiable DOM at the end of the incubation in terms of C. Depending on the 
length of incubation, these uncharacterizable DOM can be semi-labile or refractory 
according to our definition. However, these studies focused on the C part of the DOM, and 
the N information was often ignored possibly due to analytical challenges. The 
combination of N isotopic techniques and holistic analytical methods to measure 15N 
concentration in different forms are needed to improve understanding of the short/long-
term fate of N.   
Another burgeoning approach to investigate unidentified DON is through isolation 
and characterization of natural DON. An explosion in unidentified DON characterization 
information has resulted from advanced analytical instrumentation such as high resolution 
Nuclear Magnetic Resonance (NMR), and Fourier Transformation Ion Cyclotron 
Resonance Mass Spectrometry (FT-ICR MS). However, our understanding of DON 
structural characteristics remains far from comprehensive. High sensitivity direct-
measurement methods for DON are still lacking (Bronk 2002). DON concentrations are 
estimated as the difference between total dissolved nitrogen (TDN) and dissolved inorganic 
nitrogen (DIN) measurements, in which the relatively large analytical errors confound our 
ability to resolve small but significant changes in DON, particularly in environments with 
low DON concentrations. Moreover, with thousands of formulas resolved with ultrahigh 
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resolution MS, researchers still only possess limited knowledge of the isomeric information 
of DOM and DON molecules. Only limited information is available about the total number 
of compounds and their variability in natural DOM, which is crucial in exploring reasons 
behind the long-term stability of DOM and DON (Dittmar 2015). One recently reignited 
hypothesis about the long-term stability of DOM is that extreme dilution limits DOM 
utilization (Jannasch 1967; Arrieta et al. 2015). The dilution hypothesis argues that even 
though the total concentration of DOM is about 40 µmol C L-1, the concentration of each 
individual compound is too low for microbes to use, because the total amount of 
compounds may be over the order of million (Hertkorn et al. 2007, 2008, 2013). However, 
even with ultra-high resolution mass spectrometry FT-ICR MS, the total amount of 
compounds detected hardly exceed ten thousand. As a consequence, the concentration of 
each compound is not low enough to support the dilution theory. Under this scenario, it has 
been argued that each individual compound detected in MS can have tens, if not hundreds, 
of isomers (Zark et al. 2017; Hawkes et al. 2018). Current estimates of the number of 
isomers in natural DOM solely relies on modelling (Hertkorn et al. 2007, 2008; Zark et al. 
2017), assuming no constraints on the existence of isomers. Modelling returns a total 
number of isomers in natural DOM ranging from over a hundred thousand (Zark et al. 
2017; Hawkes et al. 2018) to several million (Hertkorn et al. 2007; Dittmar and Stubbins 
2014). However, modelling results cannot explain why natural DOM has a unimodal 
distribution with the maximum intensity reached at around 400 Da, if there truly is no 
constraint on isomers. An actual measurement of isomers in natural DOM is therefore 
critical. 
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Our overall understanding of the DON pool is still limited. It is still unclear what 
fraction of measured DON is cycled in aquatic systems, how unidentified semi-labile and 
refractory DON is formed, and why it persists through time. Therefore, my Ph.D. 
research focused specifically on three topics to shed light on these complicated issues: 
(1) urea cycling in a hypereutrophic aquatic ecosystem; (2) how microbial organisms 
form unidentified semi-labile DON in the ocean; (3) new analytical approaches, 
leading to direct isomeric measurements and 3D shape of marine DOM including 
DON molecules. In this dissertation with six chapters, cycling, formation and molecular-
level characterization of DON are addressed. Specifically, this chapter provides general 
background information about DON cycling. Chapter 2 considers the metabolism of a 
typical labile DON, urea, in a hypereutrophic freshwater lake and how urea cycling is 
connected to harmful cyanobacterial blooms (CyanoHABs) in the lake. In Chapter 3, a 
holistic method is introduced for quantifying 15NH4+, 15NOx- (15NO3- and 15NO2-), DO15N, 
and particulate organic N (PO15N). In Chapter 4, the long-term fate of peptide is quantified 
with the established analytical method. In Chapter 5, DON is characterized multi-
dimensionally at the molecular-level achieved through a state-of-art technique: ion 
mobility quadrupole time of flight liquid chromatography mass spectrometry (IM Q-TOF 
LC/MS), and a quantitative measurement of isomer percentage in DOM is achieved. 
Finally, in Chapter 6, the previous chapters are summarized and broad implications and 
future work are discussed. 
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Chapter 2. Urea dynamics during Lake Taihu cyanobacterial blooms in 
China 
This chapter is submitted for publication in Harmful Algae.  
Authors: Kaijun Lu, Zhanfei Liu, Ruihua Dai and Wayne S. Gardner 
The dissertator’s contribution includes: designing the experiment, performing 
research, analyzing data, and writing the dissertation. 
ABSTRACT 
Lake Taihu, the third largest freshwater lake in China, suffers from harmful 
cyanobacteria blooms caused by the cyanobacteria Microcystis spp., which do not fix 
nitrogen (N). Reduced N (i.e., NH4+, urea and other labile organic N) is an important factor 
affecting the growth of Microcystis in lakes. The world use of urea as a fertilizer has 
escalated dramatically during the past decades. An understanding of how urea cycling 
relates to blooms of Microcystis is critical to predicting, controlling and alleviating the 
problem. In this study, we show that the metabolism rate of urea in Lake Taihu ranges from 
non-detectable to 1.37 µmol L-1 h-1 for regeneration, and from 0.042 µmol L-1 h-1 to 2.27 
µmol L-1 h-1 for potential urea-N removal rates. A drastic light/dark difference in the fate 
of urea-N was also observed, with more apparent 15NH4+ generated and higher quantities 
of the removed urea-15N remaining in 15NH4+ form in the dark than in the light. A 
Microcystis experiment confirmed the growth of Microcystis on urea but its minor effect 
on urea dynamics indicated that Microcystis was not the factor causing the observed 
difference in urea fate under different light conditions in Lake Taihu. Bacterial community 
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composition and predicted functional genes data further suggest that heterotrophic bacteria 
metabolize urea, even though Microcystis spp. is the dominant organism in the bloom.  
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INTRODUCTION 
The global expansion of cyanobacterial harmful algal blooms (CyanoHABs), which 
threatens eutrophic freshwater ecosystems, is accelerating under the scenarios of climate 
change and global warming. In particular, the wide-spread occurrence of non-N2 fixing, 
toxin-producing cyanobacteria Microcystis affects many large lake systems, and estuarine 
and coastal waters worldwide (Paerl et al. 2014). Lake Taihu is located in the Yangtze 
River delta in east China. Situated in a highly industrialized area, this lake serves the 
drinking water needs of 20 million or more local inhabitants (Xu et al. 2015) and is a key 
regional fisheries and tourism resource. Economic development since the 1980s has 
resulted in excessive loads of nutrients and pollutants discharged into the lake. Total 
nitrogen (TN) discharged to Lake Taihu exceeded 2.8 × 104 T in 2001 (Qin et al. 2007), 
and increased to 3.7 × 104 T in 2016 (Wang et al. 2017), with nearly 50% of the N 
originating from non-point agriculture sources (Qin et al. 2007). As a result, TN 
concentrations in Lake Taihu have increased over 2-fold from 0.90 mg L-1 in 1981 (Qin et 
al. 2007) to about 1.96 mg L-1 in 2016 (Taihu Basin Authority 2016). CyanoHABs now 
develop throughout the lake from early spring to late fall as a consequence of 
eutrophication (Chen et al. 2003b; a), and Microcystis generally compromise up to 50% or 
even more of the phytoplankton biomass during Lake Taihu blooms (Xu et al. 2015). In 
May 2007, the bloom caused a drinking water crisis in the city of Wuxi, raising concern 
for local and central governments about the CyanoHABs issue in Lake Taihu. 
The success of Microcystis in Lake Taihu relates closely to its morphological, 
ecological, and physiological features. For instance, Microcystis can regulate its buoyancy 
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through its gas vesicles in response to a changing environment (Reynolds and Walsby 
1975; Šejnohová and Maršálek 2012), providing this species the advantage of accessing 
both higher availability of nutrients at depth and greater illumination at surface (Oliver et 
al. 2012). Other special strategies such as internal self-shading through the formation of 
large colonies further help them adapt to high solar irradiation at surface (Sommaruga et 
al. 2009; Šejnohová and Maršálek 2012). The reactive oxidants caused by UV can be 
alleviated or counteracted by carotenoids synthesized by Microcystis (Jiang and Qiu 2005; 
Häder et al. 2007; Šejnohová and Maršálek 2012).  
Phosphorus (P) is often considered as the nutrient limiting CyanoHABs in 
freshwater systems (Schindler 1977; Šejnohová and Maršálek 2012), since cyanobacteria 
can obtain carbon (C) and nitrogen (N) from the atmosphere through photosynthesis and 
nitrogen fixation (Schindler 1977; Sterner 2008). However, Microcystis, which often 
dominates toxic CyanoHABs, does not fix N2 and can accumulate P in the form of 
polyphosphate granules (Saxton et al. 2012). It also has a high affinity for NH4+ (Takamura 
et al. 1987; McCarthy et al. 2009; Paerl et al. 2011; Gardner et al. 2017). These factors 
provide Microcystis a competitive advantage during nutrient (especially P) limiting 
conditions. As evidence, the resurgence of Microcystis blooms in Lake Erie after decades 
of P abatement, suggests that N along with P, is critical to the development, composition, 
and persistence of HABs (Paerl et al. 2011; Gardner et al. 2017).  
Different groups of phytoplankton have different preferences for respective N 
forms (Glibert et al. 2016; Yang et al. 2017). Many cyanobacterial species use multiple N 
sources such as nitrogen gas (N2), ammonium (NH4+), nitrite (NO2-), nitrate (NO3-), as well 
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as organic N urea (CH4N2O) (Solomon 2006; Sterner 2008; Solomon et al. 2010a; Oliver 
et al. 2012). Microcystis spp., in particular, can grow faster on urea than NH4+ and NO3- 
(Berman and Chava 1999; Solomon et al. 2010a; Belisle et al. 2016). The world has 
experienced a 100-fold increase in the usage of urea as a fertilizer and feed additive in the 
past several decades because of its high N content, relatively stable chemical property, and 
high economic benefits (Glibert et al. 2014). The linkage between anthropogenic urea and 
increased occurrences of CyanoHABs was recognized (Solomon et al. 2010a), as world 
consumption of urea escalated from about 1 million tons in 1960 to over 100 million tons 
in 2010 (Constant et al. 1992; Glibert et al. 2006). In the Yangtze River watershed alone, 
annual urea fertilizer use exceeded 2.0 million tons in 2005 (Glibert et al. 2014). However,  
direct measurements of urea cycling rates are rare for Lake Taihu blooms (Yang et al. 
2017). Thus, determining the direct or indirect (via internal recycling) role of urea to 
cyanobacteria species, Microcystis in particular, is important to understanding the potential 
importance of urea-N in the initiation and maintenance of the blooms. A further 
understanding of the degree that CyanoHABs themselves contribute to urea (Steffen et al. 
2012) and NH4+ dynamics (Hampel et al. 2018) are crucial to understanding critical 
interactions between internal N dynamics and their effects on Microcystis-dominated 
CyanoHABs. 
The goal of this study is to understand how urea affects the development and 
success of Microcystis spp. dominated CyanoHAB, and what role Microcystis spp. plays 
in urea cycling in Lake Taihu. To achieve these goals, we conducted microcosm 
incubations to investigate urea metabolism and degradation in Lake Taihu and how it 
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interacts with Microcystis. Urea metabolic rates were calculated following an isotope 
dilution model (Blackburn 1979; Caperon et al. 1979; Hansell and Goering 1989). Bacterial 
community interactions with urea were analyzed further using 16S rRNA sequencing and 





MATERIALS AND METHODS 
Study Area 
Lake Taihu is located in the southeastern region of Yangtze River delta (30º55’40’’ 
– 31º32’58’’N; 119º52’32’’ – 120º36’10’’E; Figure 1). The lake is 2,340 km2 in area, with 
a mean depth of ca. 2 m. This polymictic lake has a drainage area of over 36,000 km2, 
containing over 100 input sources (Xu et al. 2015), with no more than 20% of them over 
40 m in width (Wang et al. 2017). The annual freshwater input to the lake is approximately 
8.8×109 m3, and the water residence time is about 180 days (Xu et al. 2015). With a volume 
of over 4.4 billion m3, Lake Taihu serves as the key drinking water source for about 20 
million people from several nearby cities including Shanghai, Wuxi, and Suzhou (Qin et 
al. 2007, 2009; Paerl et al. 2014; Xu et al. 2015), and over 60 million people living in the 
Lake Taihu watershed heavily rely on the quality of Taihu water (Taihu Basin Authority 
2016). 
Experimental Design 
Microcosm incubation experiments were performed to investigate urea cycling 
under different light conditions in Lake Taihu. Surface and bottom water was collected 
from four stations in the northern and central part of the lake in June 2014 (Figure 1; Station 
1: 31º30’49’’N, 120º11’26’’E; Station 3: 31º28’35’’N, 120º11’40’’E; Station 7: 
31º20’18’’N, 120º10’49’’E; Station 10: 31º18’52’’N, 119º56’42’’E). Water samples were 
brought to the laboratory within 6 hours, amended with 15N labeled urea (15N-urea) to a 
final concentration of 32 µmol L-1 (urea-15N concentration 64 µmol L-1), and incubated at 
ambient temperature. Ambient urea-N concentrations ranged from ca. 9.1 µmol L-1 to ca. 
 16 
22.2 µmol L-1, with the lowest ambient urea-N concentration observed at Station 7 and the 
highest at Station 1. 15N-urea concentrations used in this study are comparable to previous 
studies (e.g., Belisle, 2014; Huang et al., 2014; Belisle et al., 2016; Yang et al., 2017). For 
surface water samples, incubations were conducted both under natural light and in the dark. 
Light samples experienced natural cycles of light and dark whereas dark incubation bottles 
were wrapped with aluminum foil. Bottom water samples were incubated only in the dark. 
Incubations were duplicated. 
Stations 1 and 3 samples were incubated for 48 hours. Besides the 48-hour 
incubation, samples from Stations 7 and 10 were incubated further to two weeks to provide 
insights into the long-term fate of urea, and to estimate the bacterial consortium’s potential 
ability to process urea over a long period of time (335 hours, roughly 14 days). At 
designated time points (0h, 2h, 17h, and 47h for short incubations; 0h, 2h, 18h, 47h, 120h, 
215h, and 335h for long incubations), 1 mL subsamples were collected and preserved with 
formaldehyde for bacterial abundance analysis, and 60 mL subsamples were filtered 
through 0.2 µm nylon membrane filters. Filters and filtrates were preserved in -20 ºC for 
later bacterial community and chemical analyses, respectively. 
A xenic Microcystis culture incubation was conducted in March 2015 to investigate 
the role of Microcystis activity and light conditions in Lake Taihu urea cycling. The 
Microcystis culture was obtained from Nanjing Institute of Geography and Limnology 
(NIGLAS). Surface water from Station 10 was collected during a sampling trip and filtered 
(0.2 µm pore size nylon filter) right after returning to the lab (within 3 to 4 hours) to remove 
ambient microbes. Six experimental conditions were implemented: (1) filtered lake water; 
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(2) filtered lake water + Microcystis; (3) filtered lake water + 10 µmol L-1 15NH4+; (4) 
filtered lake water + 32 µmol L-1 15N-urea; (5) filtered lake water + Microcystis + 10 µmol 
L-1 15NH4+; and (6) filtered lake water + Microcystis + 32 µmol L-1 15N-urea. Treatment 
groups were duplicated, and control groups were single measurements. Incubations were 
conducted under different light conditions, as in 2014 incubations. March 2015 microcosm 
incubations were conducted in an incubator to maintain an ambient temperature of 25 ºC. 
The Microcystis cell density used in incubations exceeded 1×109 cells L-1 to mimic a heavy 
bloom condition (generally over 1×107 cells L-1). At designated time points (0h and 24h), 
1 mL subsamples were collected and preserved with formaldehyde for bacterial abundance 
analysis, and the rest were filtered through 0.2 µm filters. Filtrates were preserved at -20 
ºC for later chemical analysis. 
15N-NH4+ and 15N-urea Analysis 
Total ammonium concentrations and atom % 15N-NH4+ were analyzed using 
Ammonium Isotope Retention Time Shift High Performance Liquid Chromatography 
(AIRTS-HPLC; Gardner et al., 1995). Note that the AIRTS-HPLC cation exchange column 
isolates NH4+ and 15NH4+ from organic N forms, so that the latter compounds (i.e., urea and 
other DON) normally have minimal effects on results.  
Measurement of the 15N atom % enrichment of urea could be a problem in isotope 
dilution model (Hansell and Goering 1989), but this problem was solved by the application 
of AIRTS-HPLC. For 15N-urea analysis, urea was first hydrolyzed to NH4+ enzymatically 
(McCarthy 1970), as  modified by Parsons et al. (Parsons et al. 1984) and Dai et al. 
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(unpublished data). Briefly, 20 µL purified urease (in glycerol solution; Sigma Aldrich, 
P/N U1875) was added into 20 mL samples. Samples were then incubated in a water bath 
at 55ºC for 20 min. The total 15N concentration and 15N atom % were analyzed with AIRTS-
HPLC. 15N-urea concentration was calculated by subtracting the 15N-NH4+ from total 15N 
after hydrolysis. The recovery rate of this urea analysis method is close to 100% based on 
pre-experiments (Dai et al, unpublished data). 
Here the disappearing rate of urea-N is defined as “removal rate”, rather than 
“uptake rate” because conclusive evidence is not available about whether urea is 
hydrolyzed extracellularly before being taken up or intracellularly after uptake in natural 
waters. The potential removal rate (i) and actual regeneration rate (d) of urea were 
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where P0 is the initial urea-N concentration; Pt is the urea-N concentration at time 
t; R0 is the initial urea-15N ratio; Rt is the urea-15N ratio at time t; 15n (0.0037) is the natural 
abundance of 15N. Equation 1 indicates that Pt changes linearly with t, with a slope of (d-i) 
and an intercept of P0, while equation 2 suggests that ln(Rt-15n) changes linearly with 
ln(Pt/P0) with a slope of –d/(d-i) and an intercept of ln(R0-15n). Thus, “d” and “i" can be 
estimated easily.   
 19 
Bacterial Community and Bioinformatics Analysis 
Bacterial abundance analysis was performed following published protocols (Marie 
et al. 1997; Gasol and Giorgio 2000; Liu et al. 2013; Liu and Liu 2015c). Briefly, bacteria 
were enumerated using an Accuri C6 Flow Cytometer (FCM) System with a laser emitting 
at 488 nm. Formaldehyde-preserved samples (500 µL) were stained with 5 µL SYBR Green 
I (SYBR-I) working solution (1:100, v/v), and incubated under dark conditions for at least 
15 min. Each cell was detected from their signatures in a plot of 90º side light scatter (SSC-
H) versus green fluorescence (FL1-H). The discriminator was set on FL1-H, as it is 
proportional to the nucleic acid-SYBR I-complex. The counting error was estimated to be 
within 25%.  
The 0.2 µm filters collected from 2014 incubations were sent to Research and 
Testing Laboratory (Lubbock, TX) for 16S rRNA pyrosequencing following the 
procedures described previously (Liu et al. 2013). Subsequent community structure 
analysis was performed using MOTHUR (Schloss et al. 2009). A further prediction of 
functional genes was made based on the 16S rRNA marker gene using the bioinformatics 
tool Phylogenetic Investigation of Communities by Reconstruction of Unobserved States 
(PICRUSt; (Langille et al. 2013)). Input file for PICRUSt was created in MOTHUR using 
the command “make.biom”. PICRUSt predictions were conducted on closed OTUs at the 
97% similarity level following a previous study (Liu et al. 2017a). Metabolic pathway and 
functional gene predictions on copy-number-normalized OTUs were made using the 




2014 Incubation Experiment 
15N Cycling 
All reported urea concentrations are based on N concentrations (1 µmol L-1 urea 
equals to 2 µmol L-1 urea-N). A decreasing trend in urea-15N concentration with incubation 
time occurred at all four stations regardless of the water depths (surface or bottom) and 
light conditions (light or dark; Figure 2). However, the decreasing patterns differed among 
stations and incubation parameters. 
At station 1 urea-15N concentration decreased from the initial value of ca. 67 µmol 
L-1 to 60.8 µmol L-1 and 62.5 µmol L-1 during the first 2 hours, and remained relatively 
constant throughout the incubation in bottom and surface natural light samples, 
respectively. Surface dark samples showed a different trend (p < 0.05), with urea-15N 
concentration decreasing to 44.8 µmol L-1 by the end of incubation (Figure 2A). Surface 
samples at station 3 shared a similar pattern: urea-15N decreased constantly from the initial 
concentration of 64.0 µmol L-1 to 17.4 µmol L-1 and 14.4 µmol L-1 in surface natural light 
and surface dark incubations over 48 hours, respectively. A decrease in urea-15N also 
occurred in bottom samples at station 3, where it dropped to 53.8 µmol L-1 during the first 
2 hours but remained constant for the rest of the incubation (Figure 2B).  
The urea-15N concentration from surface natural light incubation at station 7 
decreased at a constant rate, reaching 9.46 µmol L-1 at the end of the incubation (335 hours) 
from the initial concentration of 59 µmol L-1. In contrast, only minimal decreases occurred 
in surface dark and bottom incubations (from 61 µmol L-1 to 51 µmol L-1 in surface dark; 
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from 63 µmol L-1 to 54 µmol L-1 in bottom; Figure 2C). In contrast, at station 10 almost all 
urea-15N was removed by the end of incubations at hour 335 for all three treatments (Figure 
2D).  
Based on the isotope dilution model, the urea-N regeneration rate varied from non-
detectable to 1.37 µmol L-1 h-1, whereas the potential urea-N removal rate varied from 0.04 
µmol L-1 h-1 to 2.27 µmol L-1 h-1. Note that the change of urea-15N (Figure 2) does not 
necessarily reflect the urea cycling rate (because both the removal of urea-14N is not 
reflected in Figure 2), and also that urea-N cycling rates of station 7 and 10 were calculated 
on different time scales compared with those of station 1 and 3. In terms of net quantity, 
more urea-15N was removed at station 7 and 10, but the highest regeneration and removal 
rates occurred in the surface natural light incubation at station 3 (Table 1).  
The fate of urea under different irradiation conditions was investigated, through 
15NH4+ concentration and the percentage of NH4+-15N versus removed urea-15N measured. 
No significant difference between light and dark incubation were detected at stations 1 and 
3. Although over 12% (station 1) and 72% (station 3) of initially spiked 15N-urea was 
removed during the incubation (Figure 2A&B), low concentrations of 15NH4+ (less than 
1.00 µmol L-1, Figure 1S) occurred throughout the surface natural light and surface dark 
samples incubation conducted at stations 1 and 3, with NH4+-15N generally accounting for 
less than 10% of removed urea-15N (Figure 3 A&B). The percentage of NH4+-15N recovered 
relative to the urea-15N removed reached ca. 21% and 14% at station 1 and 3, respectively 
in the bottom samples, and they are not statistically different from surface samples (both p 
value > 0.05; t-test). 
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In contrast, significantly different trends in urea’s fate were observed under light 
and dark conditions for stations 7 and 10 (p < 0.05; Figure S1 C&D; Figure 3 C&D). More 
urea-15N was removed and more 15N remained as NH4+, under dark than under natural light 
conditions. At station 7, the percentage generally increased in dark incubations, reaching 
the highest value of 87% at the last time point, whereas it remained relatively unchanged 
in natural light and bottom incubations. At station 10, all treatments followed a similar 
pattern, with the highest percentage observed shortly after T0 followed by decreases to 
nearly zero. The highest NH4+-15N: removed urea-15N percentage (about 63%), was again 
observed in dark incubations. 
Bacterial Community 
The bacterial abundance fluctuated throughout the short incubations but changes 
were not significant. Station 1 and 3 have similar initial and final bacterial abundances, 
with initial values ranging from 2.9 × 1010 cells L-1 to 4.0 × 1010 cells L-1, and the final 
values ranging from 2.3 × 1010 cells L-1 to 3.4 × 1010 cells L-1 (Figure 4A&B). Specifically, 
bacterial abundance at station 1 decreased for all three treatments. In contrast, bacterial 
abundance at station 3 surface water incubations often increased with time after an initial 
decline within the first 2 hours. The flow cytometry data shows that bacterial population, 
represented by DNA content, remained relatively unchanged for incubations at station 1 
(Figure S2A). At station 3, however, distinct bacterial populations with higher DNA 
content (higher values in FL1-H axis) developed in the surface water as the incubation 
proceeded (Figure S2B). These bacteria with high DNA content represent the group that 
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may have used spiked urea to efficiently build their biomass during the incubation (Liu and 
Liu 2016).  
During the long incubations, bacterial abundance at station 7 decreased from an 
initial abundance of 6.5 × 1010 cells L-1 to 4.0× 1010 cells L-1 in surface natural light and to 
1.4 × 1010 cells L-1 in surface dark, and from 6.2 × 1010 cells L-1 to 5.9 × 1010 cells L-1 in 
bottom water at the end of the incubation (14 days), respectively. The trends at station 10 
are more complicated. Bacterial abundance in both dark incubations (surface dark and 
bottom) decreased, dropping from about 3.0 × 1010 cells L-1 at the beginning to 1.3 × 1010 
cells L-1 and 1.9 × 1010 cells L-1 at the last time point in surface dark and bottom, 
respectively.  Bacterial abundance in the surface natural light incubation, on the other 
hand, increased to more than 5.0 × 1010 cells L-1 during the incubation (Figure 4B). Change 
of the green fluorescence intensity reflects changes in DNA content. Bacterial population 
stayed relatively unchanged for incubations at station 7 (Figure S2C) but groups of bacteria 
with higher DNA content increased in surface incubations at station 10 (Figure S2D). 
The bacterial community data (Figure 5, Phylum level; Figure S3, Genus level) 
reveal the change of community structure during long incubations. The initial community 
at both stations were dominated by Proteobacteria (ca. 40% for both stations), 
Actinobacteria (about 26% and 31% for stations 7 and 10, respectively), and 
Cyanobacteria (ca. 12% and 4% for stations 7 and 10, respectively; Figure 5). With 
incubation, the community structure remained constant for the surface light and bottom 
incubations at station 7, as well as for the surface dark and bottom incubation at station 10. 
In contrast, bacterial community changed significantly in the surface dark incubation at 
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station 7 and surface light incubation at station 10. Firmicutes developed from 0.5% to 
26% in the surface dark incubation at station 7, and from 2% to 74% in the surface light 
incubation at station 10. While Deinococcu-Thermuss developed from nearly 0% to 28% 
in the surface dark incubation at station 7, and from 2% to 18% in the surface light 
incubation at station 10. On the other hand, Actinobacteria dropped to about 1% in the 
surface dark incubation at station 7, and Proteobacteria dropped to ca. 4% in the surface 
light incubation at station 10 (Figure 5). This pattern can be visualized further by Principle 
Coordinates Analysis (PCoA) on the bacterial genus data (Figure S4). Microcystis was 
present at all time points for all treatments across different stations at the beginning of the 
incubation (Figure S3) but was absent at the last time point (T = 335h) of surface dark at 
station 7 and surface light at station 10, where the most dramatic changes in bacterial 
community occurred. Regardless of its relatively low abundance (generally < 1.0%), 
Microcystis remained as an important species because it is the dominant toxin producers in 
Lake Taihu (Otten et al. 2012; Steffen et al. 2012). 
2015 Microcystis Incubation Experiment 
Bacterial abundance data for the 2015 Microcystis incubation is provided in the 
Supporting Information (Table S1). 15NH4+ concentration remained nearly undetectable in 
all controls without the initial addition of 15NH4+ (filtered lake water; filtered lake water + 
15N-urea; filtered lake water + Microcystis). For 15NH4+-added control (filtered lake water 
+ 15NH4+), 15NH4+ concentration remained constant during the incubation regardless of 
irradiation conditions (data not shown). In contrast, the concentrations of 15NH4+ increased 
 25 
to about 3 µmol L-1 in the filtered lake water + 15N-urea + Microcystis incubation, with no 
significant difference detected between different light treatments (Figure 6A). The 
concentrations of 15NH4+ in filtered lake water + 15NH4+ + Microcystis incubations dropped 
from the initial concentration of ca. 11 µmol L-1 to ca. 2 µmol L-1 under natural light 
conditions and to ca. 6 µmol L-1 under dark conditions within 24 hours, respectively (Figure 
6A). Overall, based on filtered lake water + 15NH4+ + Microcystis incubations, the natural 
light incubation had a higher NH4+ cycling rate than the dark incubation, with an actual 
regeneration rate of 0.09 µmol L-1 h-1 (natural light) and 0.06 µmol L-1 h-1 (dark), and a 
potential removal rate of 0.56 µmol L-1 h-1 (natural light) and 0.29 µmol L-1 h-1 (dark), 
respectively (Table 2).  
Concentrations of urea-15N for control groups without the addition of 15N-urea 
(filtered lake water; filtered lake water + Microcystis) remained undetectable, and for urea-
15N-added control (filtered lake water + 15N-urea) the urea-15N remained unchanged 
throughout the incubation period, regardless of irradiation conditions (data not shown). 
Unlike control groups, the concentrations of urea-15N decreased from the initial 64.0 µmol 
L-1 to 58.0 µmol L-1 and 59.9 µmol L-1 in the natural light and dark treatments, respectively. 
In contrast to the natural lake water incubations conducted in 2014, differences were not 
significant between light and dark treatments in xenic Microcystis incubations. 
Furthermore, no differences in the fate of urea (NH4+-15N: removed urea-15N percentage) 
were detected in the pure Microcystis incubation. Dark incubation cycling rates 
(regeneration rate: ca. 0.28 µmol L-1 h-1; removal rate: ca. 0.52 µmol L-1 h-1) were higher 
than in natural light incubations (regeneration rate: ca. 0.02 µmol L-1 h-1; removal rate: ca. 
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0.41 µmol L-1 h-1), but the difference is not significant perhaps due to the high variability 
in the dark treatment (Table 2).  
A cross comparison between NH4+ and urea shows that the removal of NH4+ (ca. 0. 
56 µmol L-1 h-1) was comparable but higher than for urea-N (ca. 0.41 µmol L-1 h-1) in the 
Microcystis incubation under natural light (Table 2). In contrast, the dark uptake rate of 
NH4+ (ca. 0.29 µmol L-1 h-1) was lower than that of urea-N (ca. 0.52 µmol L-1 h-1; Table 2). 
DISCUSSION 
Microcystis growth on urea 
Urea represents a notable source of anthropogenic N, as its usage as fertilizer and 
feed additive continues to increase (Glibert et al. 2006; Solomon et al. 2010a). However, 
the internal dynamics of urea in polluted eutrophic tributaries are not well understood (e.g. 
Solomon et al., 2010; Bogard et al., 2012). For example, it is still not clear how much of 
the urea resulting from agricultural fertilizer runoff is processed directly by CyanoHABs, 
or whether the bloom is supported indirectly by rapid recycling of urea-N to NH4+ or other 
organic forms during transport (Gardner et al. 2017). Assessing the ability of cyanobacteria 
or other CyanoHAB organisms to use urea as a N source directly or indirectly is important 
to understanding the dynamics of CyanoHABs, especially for fresh water systems such as 
Lake Taihu that receive large loads of anthropogenic pollution and suffer from 
CyanoHABs dominated by Microcystis spp. We speculated that urea cycling is an 
important internal component in the development and success of CyanoHAB Microcystis 
spp., and that Microcystis spp. in turn plays a direct role in urea cycling in Lake Taihu.  
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Not all phytoplankton can use urea directly, mainly due to the lack of essential 
enzymes for urea catabolism (Solomon et al. 2010a; Sipler and Bronk 2015). Thus, the 
ability to use urea as an extra source of N source could be critical to the development and 
maintenance of non-N fixing CyanoHABs (Chaffin and Bridgeman 2014; Huang et al. 
2014; Davis et al. 2015; Gobler et al. 2016; Belisle et al. 2016; Gardner et al. 2017). Our 
2014 incubation experiments demonstrate that urea was used by the lake water microbial 
consortium (Figure 2). The decrease in urea concentration (Figure 6B) and the increase of 
Microcystis cell density (from 3.3 × 109 cells L-1 to 4.6 × 109 cells L-1 in 24 hours; about 
40% increase; Table S1) in the follow-up Microcystis culture incubation further confirm 
that Microcystis can grow directly or indirectly on urea. The increase of cell density in 
urea-substrate pure culture incubation is at least at a similar level to that in the NH4+ 
incubation (from 2.7 × 109 cells L-1 to 3.3 × 109 cells L-1 in 24 hours, about 22% increase; 
Table S1). Together the 2014 and 2015 incubation results show that urea cycling is an 
important internal component in the development and success of Microcystis spp. 
dominated CyanoHAB. 
Urea can be hydrolyzed either extracellularly (Skujiņš and Burns 1976; Saiya-Cork 
et al. 2002) or intracellularly after uptake (Solomon 2006; Solomon et al. 2010a). 
Hydrolysis of urea to NH4+ and CO2 is mediated by either urease or ATP-dependent urea 
amidolyase (UALase). Our measured urea removal rates (0.04 µmol L-1 h-1 to 2.27 µmol 
L-1 h-1 in 2014 incubations; 0.20 µmol L-1 h-1 to 0.52 µmol L-1 h-1 in 2015 incubations; 
Table 1&2) and regeneration rates (non-detectable to 1.37 µmol L-1 h-1 in 2014 incubation; 
0.02 to 0.28 µmol L-1 h-1 in 2015 incubation; Table 1&2) are much higher than those 
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reported for non-bloom water (e.g., Bronk et al., 1998; Lomas et al., 2002; L’Helguen et 
al., 2005), but are comparable to those measured previously under bloom conditions (e.g., 
Belisle, 2014; Belisle et al., 2016). A recent study suggests that non-N-fixing CyanoHABs 
may cause a high NH4+ deficiency and demand in the water (Gardner et al. 2017), which 
may, in turn, create a favorable situation for non-N-fixing CyanoHABs, because 
cyanobacteria such as Microcystis may use urea as a N source. The high turnover rate, 
especially the high removal rate of urea measured in this work is consistent with the 
previous conceptual model (Gardner et al. 2017), and provides another set of substrate that 
could potentially support Microcystis in Lake Taihu. Again, these results show that urea 
supports the development and success of CyanoHAB species Microcystis, but our 
Microcystis-culture experiments, shown in the following section, suggest that the effects 
are result of indirect rather than direct incorporation of the urea by Microcystis.   
Effects of light on the fate of urea  
Urea cycling rates in the 2014 lake water incubation varied with light conditions. 
Potential removal and regeneration rates were generally higher under natural light/dark 
cycles than in the dark (Table 1), supporting the idea that photoautotrophic processes are 
important to urea dynamics. The fate of urea-N also differed: in dark surface water, the 
added 15N-urea was released as 15NH4+, while only sparse amounts of removed urea-15N 
accumulated as 15NH4+ in the light throughout the incubation (Figure 3 C&D; Figure S1 
C&D). The low recovery rate of removed urea-15N to 15NH4+ under light condition 
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resembles the pattern observed in a similar urea incubation experiment conducted in the 
northern Gulf of Mexico (Dai et al., unpublished data). 
Previous studies indicate that urea uptake is light-dependent, since the active 
transport of urea requires energy (Takamura et al. 1987; Solomon et al. 2010a). The energy 
may be obtained from photophosphorylation of phytoplankton and cyanobacteria under 
sun light (Rees and Syrett 1979; Siewe et al. 1998; Beckers et al. 2004), and from oxidative 
phosphorylation under dark (Cimbleris and Cáceres 1991). A diel pattern in urea uptake 
has been observed (e.g., Takamura et al., 1987; Bronk et al., 1998; Yang et al., 2017). We 
report here that in Lake Taihu during CyanoHABs not only the cycling rate of urea is light-
dependent, but that the fate of urea is also affected by irradiation. The difference in urea 
fate during CyanoHAB under different irradiation conditions at Lake Taihu may have 
resulted mainly from the dominant cyanobacteria Microcystis, leading to our hypothesis 
that Microcystis spp. plays a direct role in the light-dependent urea cycling. Specifically, 
under natural light conditions, Microcystis, behaving like autotrophs, may have assimilated 
reduced N mainly for growth (no accumulation of NH4+ from urea in the water), while 
under dark conditions Microcystis, behaving heterotrophically, or other bacteria may have 
remineralized urea for energy and released NH4+ into the environment.   
However, our follow-up Microcystis culture incubation in 2015 rejected this 
hypothesis. Differences in cycling rates and urea fate were not significant between different 
irradiation conditions (Figure 6B). Thus, Microcystis alone was not the main reason for the 
difference in urea fate. This conclusion is reinforced by bacterial community data, which 
can be further visualized by a “heat map” (Figure S5) constructed based on the 2014 
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incubation. The correlations between Microcystis abundance and 15NH4+ (NH4+ originated 
from the spiked 15N-urea) as well as NH4+-15N: removed urea-15N percentage are not 
significant (Pearson correlation; p = 0.2222 and 0.5266, respectively; Figure S5). In 
contrast, heterotrophic bacteria such as Actinobacteria, Proteobacteria, and Deinococcus-
Thermus, not only contributed to the majority of the community (Figure 5), but also 
correlated significantly to the NH4+-15N: removed urea-15N percentage (Pearson 
correlation; Actinobacteria, p = 0.04573; Deinococcus-Thermus, p = 0.02104; 
Proteobacteria, p = 0.03282; Figure S5). This data indicates that heterotrophic bacteria are 
crucial to urea metabolism in Lake Taihu. Furthermore, the fact that heterotrophic bacteria, 
rather than cyanobacteria, play an important role in urea metabolism is consistent with 
published studies (Wilhelm et al. 2011; Li et al. 2011; Steffen et al. 2012). We conclude 
that urea cycling is related closely to the success of the CyanoHAB, but that the role of 
Microcystis in urea cycling is likely indirect. 
The rejection of our hypothesis returns to the question about the unexpected fates 
of urea under different light conditions, if it cannot be attributed to Microcystis. One 
possible explanation is the high affinity of cyanobacteria to NH4+ (Takamura et al. 1987; 
McCarthy et al. 2009; Paerl et al. 2011; Gardner et al. 2017). Under light conditions, the 
15NH4+ generated from urea hydrolysis is taken up quickly by cyanobacteria or other 
phytoplankton, which leads to a low NH4+-15N concentration relative to removed urea-15N. 
This tight coupling has been proposed to explain the low level of individual amino acids 
during peptide hydrolysis in certain coastal environments, where amino acids are taken up 
immediately after peptides are hydrolyzed (Kuznetsova and Lee 2002; Liu et al. 2013). 
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Under dark conditions, however, the NH4+ from urea cannot be assimilated efficiently in 
the absence of light required for phytoplankton growth. This speculation is supported by 
the NH4+ cycling rates under different irradiation conditions (Table 2). NH4+ removal rate 
in light (0.56 µmol L-1 h-1) is almost double of that in dark (0.29 µmol L-1 h-1). Together, 
these results suggest that the Microcystis spp. plays an indirect role in urea cycling in Lake 
Taihu. 
The bioinformatics tool PICRUSt utilizes the functional gene abundance and the 
metabolism pathways based on 16s rRNA data (Langille et al. 2013), providing more 
insights into  interactions between urea cycling and the bacterial community in Lake 
Taihu. Urea transporter abundance generally decreased with incubation time (Figure 7A), 
as did urease for most treatments, with the exception of the surface dark treatment at station 
7 (Figure 7B). The increasing urease abundance at station 7 surface dark treatment 
coincides with the drastic change of bacterial community as well as the high percentage of 
NH4+-15N: removed urea-15N, and the correlation between urease abundance and NH4+-
15N: removed urea-15N percentage is significant (p = 0.0496). Urea amidolyase (urea 
carboxylase and allophanate hydrolase), on the other hand, shows a strong irradiation-
dependent pattern, in the natural irradiation incubations (surface light at stations 7 and 10) 
decreasing with time, while increasing (surface dark and bottom) during dark incubations 
(Figure 7C&D). This result indicates that urea amidolyase may play a role in the observed 
diel pattern in urea cycling, and further supports the idea that heterotrophic bacteria may 
play a key role in the cycling of urea in the lake, since Microcystis spp. do not process urea 
amidolyase (Solomon et al. 2010a). 
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CONCLUSIONS 
A series of microcosm incubations were conducted in Lake Taihu to investigate the 
metabolism of urea and how it interacts with Microcystis spp. during 2014 and 2015. Our 
data showed that urea is used by the lake bacterial consortium and supports the growth of 
pure Microcystis culture at a comparable rate to that of NH4+ as a N source. We demonstrate 
that a diel pattern of urea metabolism exists in blooms, with higher cycling rates (potential 
removal and actual regeneration) of urea under natural irradiation condition, but a higher 
fraction of the urea removed was recovered as NH4+ under dark conditions. This difference 
may result from NH4+ being taken up quickly by Microcystis and/or other phytoplankton 
in light, but less efficient uptake in the dark. Interestingly, the bacterial community and 
predicted functional genes data suggest that the direct role of Microcystis in urea cycling 
is not as important as that of heterotrophic bacteria associated with the bloom, even though 
Microcystis is the dominant cyanobacteria species in the bloom. Overall, this work 
provides valuable insights into the cycling of urea in Lake Taihu and other lakes 
experiencing CyanoHAB. It highlights the direct or indirect importance of urea in the 
formation and proliferation of CyanoHABs in the lake. 
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Table 2.1. Urea-N cycling rate calculated from 2014 incubation (SL: surface light 
incubation; SD: surface dark incubation; Bot: bottom incubation) 
 
Urea-N Regeneration Rate 
(µmol L-1 h-1) 
Urea-N Removal Rate 
(µmol L-1 h-1) 
Station1 SL 0.000 ± 0.000 0.897 ± 0.010 
Station1 SD 0.000 ± 0.000 0.676 ± 0.009 
Station1 Bot 0.000 ± 0.000 0.289 ± 0.047 
Station3 SL 1.371 ± 1.275 2.272 ± 1.413 
Station3 SD 0.355 ± 0.165 1.332 ± 0.211 
Station3 Bot 0.155 ± 0.155 0.201 ± 0.041 
Station7 SL 0.073 ± 0.006 0.237 ± 0.034 
Station7 SD 0.002 ± 0.002 0.044 ± 0.004 
Station7 Bot 0.033 ± 0.033 0.042 ± 0.029 
Station10 SL 0.345 ± 0.055 0.560 ± 0.010 
Station10 SD 0.341 ± 0.251 0.534 ± 0.264 
Station10 Bot 0.308 ± 0.007 0.525 ± 0.044 
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Table 2.2. NH4+ and urea cycling rates calculated from 2015 Microcystis incubation 
 NH4+ cycling rate (µmol L-1 h-1) Urea-N cycling rate (µmol L-1 h-1) 
 Regeneration Removal Regeneration Removal 
Natural Light 0.092 ± 0.017 0.557 ± 0.008 0.024 ± 0.024 0.409 ± 0.024 




Figure 2.1. Map of Lake Taihu. Sampling stations (Stations 1, 3, 7, and 10) are shown as 




Figure 2.2. Change of urea-15N concentration with time at Station 1 (A), Station 3 (B), 
Station 7 (C) and Station 10 (D) during the 2014 microcosm incubations. 
Surface Light: natural light condition; Surface Dark: dark incubation; 






Figure 2.3. Change of NH4+-15N: removed urea-15N ratio with time at Station 1 (A) and 
Station 3 (B), Station 7 (C) and Station 10 (D) during the 2014 microcosm 
incubations. Surface Light: natural light condition; Surface Dark: dark 






Figure 2.4. Bacterial abundance over time for short incubations: Station 1(A) and Station 
3 (B); long incubation: Station 7 (C) and Station 10 (D) during the 2014 
microcosm incubations. Surface Light: natural light condition; Surface 






Figure 2.5. Bacterial community structure (phylum level) for incubations conducted at 
Stations 7 and 10 during the 2014 microcosm incubations (only 0h, 47h, and 
335h samples were chosen for bacterial community analysis). Phyla that 




Figure 2.6. 15NH4+ (A) and urea-15N concentration (B) with time during the 2015 
Microcystis incubations. Control groups (filtered lake water; filtered lake 
water + 15NH4+; filtered lake water + 15N-urea; filtered lake water + 







Figure 2.7. Predicted function gene abundance (normalized with RecA): urea transporter 
(A); urease (B); and urea amidolyase (urea carboxylase, C; allophanate 
hydrolase, D). Surface Light: natural light condition; Surface Dark: dark 






Chapter 3. A new holistic analytical method for quantifying the fates of 
amended 15N labeled amino acids and peptides in seawater 
 
ABSTRACT 
Understanding the fate of organic nitrogen in aquatic systems is important as it 
relates to its recycling efficiency to inorganic forms and the long-term preservation as 
refractory organic forms. The fate of organic nitrogen can be investigated through 15N 
labeling techniques, whereby the 15N in different chemical forms, including ammonium, 
nitrite/nitrate and organic nitrogen, need to be quantified. However, it is analytically 
challenging to differentiate and measure 15N in these forms, often with lengthy procedures 
and large analytical errors. We develop a new holistic method based on combining 
ammonium retention time shift high performance liquid chromatography (AIRTS-HPLC) 
with zinc reduction, UV oxidation, and ammonium oxidation membrane inlet mass 
spectrometry (OX-MIMS) analysis to minimize the required sample volume and simplify 
the overall procedure for determining concentrations of 15N in different forms. This method 
does not require removal of inorganic nitrogen from the system, which is time-consuming. 
For a total 15N concentration of ca. 4 µmol N L-1, about 50 mL of sample is required for 
15N analysis of different forms, and analysis of a batch of 12 samples takes 3 days. We 
applied the developed method to investigate the short-term fate of 15N during the 
degradation of a 15N-labeled amino acid and peptide. With recovery rates ranging from 
93% to 120%, our results show that as spiked 15N labelled alanine and a peptide (Ala-Val-
Phe-Val) disappeared, a fraction of 15N (from ca. 13% to ca. 66% of initial 15N added) was 
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transformed to non-amino acid or non-peptide DON. This holistic method, therefore, offers 
an effective and efficient way of determining the fate of labile organic nitrogen in aquatic 





Dissolved organic nitrogen (DON) constitutes the largest pool of combined N (N 
covalently bonded to C, O, or H) in almost all marine environments, accounting for 58-
77% of the total dissolved nitrogen (TDN) pool except in the deep-ocean and Southern 
Ocean (Berman and Bronk 2003; Sipler and Bronk 2015). DON is important to 
microorganisms, considering that one molecule of DON can provide them with both N and 
carbon (C), particularly in surface waters that are often nutrient limited (Bronk 2002; Sipler 
and Bronk 2015). Despite their importance, DON transformations are not well understood 
in nature. Systematic studies into DON dynamics has lagged far behind those of its C 
counterpart, dissolved organic carbon (DOC), primarily due to the substantial analytical 
challenges inherent in DON research. Also, isolating organic from inorganic forms of N is 
more complicated than for C which only requires simple acidification to remove inorganic 
forms.  
Controlled incubation experiments are applied widely for studying DOM dynamics 
(e.g., Brophy and Carlson 1989; Moran and Hodson 1989; Heissenberger and Herndl 1994; 
Ogawa et al. 2001; Gruber et al. 2006). By tracking the disappearance of spiked substrate 
(generally labile DOM) and the production of “new” DOM, controlled incubation 
experiments provide a way to examine mechanisms of DOM metabolism: how DOM is 
utilized, how it is produced, and most importantly why some DOM can persist over 
millenary time scales (e.g., Ogawa et al. 2001; Arrieta et al. 2015).  
Applying controlled incubations to DON studies could be challenging. Unlike C, 
dissolved N often occurs in various forms (NH4+, NO2-, NO3-, and DON) in aquatic 
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environments. A better understanding of the fate of N during incubation requires a 
quantitative measurement of different N forms in natural waters. In addition, rapid turnover 
rates of N caused by high biological demand indicates that simple measurements of N 
compound concentrations are not sufficient to reflect the production or consumption rates 
of DON because both processes often occur simultaneously (Isobe et al. 2011; Gardner et 
al. 2017). Under this scenario, researchers often have to rely on the 15N labelling technique 
to determine the dynamics of DON in natural waters. 15N enrichment techniques are 
essential to quantify the transformation rate of N from source to sink and trace the fate of 
N through the N cycle (Knowles and Blackburn 1993; Bedard-Haughn et al. 2003; 
Leinweber et al. 2013). The common approach to determine 15N in different forms is to use 
elemental analyzer-isotope ratio mass spectrometry (EA-IRMS) after converting the target 
N compound(s) to a gaseous N-species (usually N2). This technique is robust and reliable, 
but is labor-intensive (Bronk 2002). It requires a number of complex preparation process 
prior to mass spectrometer analysis and also requires sample sizes of hundreds of mL 
(Toshihiro et al. 2005; Isobe et al. 2011) for sufficient analytical sensitivity in 15N-spiked 
studies, due to the high background concentration of N2 gas.  
Alternative methods for 15N analysis are needed to simplify sample preparation and 
handle samples with limited volume. Toshihiro et al. (2005) developed a method for 15N 
analysis by derivatizing NO3- with pentafluorobenzyl bromide (PFB-Br) and analyzing the 
nitric acid ester of PFB-alcohol (PFB-ONO2) using gas chromatography mass spectrometry 
(GC-MS). With different forms of 15N was transformed into 15NO3- prior to analysis, 
concentration of each 15N form can be determined. This method does not require a 
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measurement of 15N2 gas, and thus has reduced the required volume for DON analysis to 
10 mL or less, and has achieved a sensitivity of as low as 0.015 µmol 15N L-1. Likewise, 
Isobe et al. (Isobe et al. 2011) introduced another new method for 15N analysis by applying 
a special gene-knockout denitrifying bacteria to reduce NO3- to N2O gas (Sigman et al. 
2001), which is subsequently analyzed via GC-MS. This method has greatly reduced the 
amount of laboratory work and is applicable to a rather wide range of N concentration (1 
to over 150 µmol·L-1).  
Most current methods for DO15N analysis require an isolation of NH4+ from the 
original sample by converting NH4+ to NH3 at a high pH followed by purging and 
subsequent acidic trapping of NH3. Alkaline removal of NH4+ is time consuming (takes 7 
to 14 days to complete; e.g., Slawyk and Raimbault 1995; Toshihiro et al. 2005; Isobe et 
al. 2011), and may be affected by sample salinity. Isolation of NH4+ at elevated temperature 
under alkaline conditions may also potentially lead to degradation or hydrolysis of labile 
organic nitrogen such as peptides and amines (Toshihiro et al. 2005). Furthermore, concern 
has been raised about the incomplete removal and the subsequent carry-over of inorganic 
NH4+ into other N pools (Slawyk and Raimbault 1995). To overcome these issues, an 
analytical method without the need for prior NH4+ isolation from the rest of the sample is 
needed. 
The goal of this study is to develop a new holistic method to quantitatively 
determine concentrations of different forms of 15N, including NH4+, NO2- and NO3-, and 
DON efficiently. We improved conventional 15N analytical methods by applying AIRTS-
HPLC (Gardner et al. 1991, 1995). With this new overall protocol, we can (1) quantify 
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15NH4+ in sample/standard without isolation via the conventional alkaline method; (2) 
measure 15N in different forms in small-volume samples (≤ 50 mL required in total); and 
(3) quantify the fate of N in laboratory incubations. 
 
MATERIALS AND METHODS 
A comprehensive scheme depicting the procedures for the measurements of 
different forms of 15N is presented in Figure 3.1. Briefly, PO15N on the GF/F filter is 
analyzed with EAIRMS. 15NH4+ is analyzed with AIRTS-HPLC; 15NOx is analyzed with 
AIRTS-HPLC after Zn reduction; and DO15N is analyzed with AIRTS-HPLC or OXMIMS 
after UV-oxidation and Zn reduction. Error propagation is a potential problem, as 15NOx 
and DO15N concentration is calculated by the difference between DI15N and 15NH4+, and 
the difference between TD15N and DI15N, respectively. However, a direct measurement of 
each component will require pre-isolation steps (i.e., removal of NH4+), which could be 
even more problematic as mentioned above. In this case, we choose to calculate the 
concentration of different 15N forms by mass balance. 
Reagents 
Reagents for HPLC analysis of NH4+ and NO2- + NO3- (NOx-) were prepared 
following the protocols of Gardener et al. (1993, 1995). Reagents for membrane inlet mass 
spectrometry (MIMS) analysis of NH4+ were prepared following Yin et al. (2014). A 
hydrogen peroxide solution (H2O2; 30%) was used to facilitate the UV oxidation process. 
Standards including NH4Cl (natural abundance), 15NH4Cl (≥ 98 atom %), NaNO3 (natural 
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abundance), Na15NO3 (≥ 98 atom %), 15N-urea (98 atom %) and 15N-L-Alanine (98 
atom %) were purchased from Sigma Aldrich. 
A boric acid mobile phase buffer for AIRTS-HPLC was prepared following a 
published protocol (Gardner et al. 1993, 1995). Briefly, 24 g of NaCl, 24 g of boric acid 
and 1.6 g of EDTA were dissolved in 2 L deionized water (DI water). 10 mL Brij 35 was 
added to lubricate the HPLC pump seals (Gardner et al. 1993). The pH of the buffer was 
adjusted to 9.41 using 50% NaOH solution. The buffer was filtered through 0.2 µm pore 
size nylon filter to maintain steady chromatographic conditions.  
The OPA reagent for AIRTS-HPLC measurement was modified from previous 
studies (Gardner et al. 1991, 1995). Sixty grams of boric acid were dissolved in DI water 
and the volume was adjusted to 2 L. It was then mixed with a solution of 1 g of OPA 
dissolved in 20 mL ethanol and 1 mL 2-mercaptoethanol. 10 mL Brij 35 was added for 
pump-seal lubrication, and the pH of reagent was adjusted to 7.00 with KOH. The reagent 
was filtered through a 0.45 µm pore size nylon filter before use. This OPA reagent was 
good for ca. one week.  
The hypobromite iodine solution used in MIMS measurement was prepared 
following published protocol (Yin et al. 2014). A volume of 600 mL 16 mol L-1 NaOH 
solution was mixed with 100 mL Br2 at a temperature below 5 °C. NaBr crystals that 
precipitated were removed from the solution by filtration after one-week settling at 4 °C. 
Filtered solution was then mixed with an equal volume of KI solution (0.2%, w/v) to 
maintain stability. The oxidant solution can last for months if kept at -20 °C. 
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Particulate organic 15N (PO15N) analysis 
A known volume (ca. 50 mL) of water sample was filtered through a pre-combusted 
0.7 µm GF/F filter. The filter was placed in plastic petri-dish and treated with HCl via acid 
fumigation to remove inorganic carbon, and the filtrate was preserved for subsequent 
dissolved N analysis. PO15N on the filter was measured with an elemental analyzer coupled 
with a mass spectrometer (EA-IRMS) the main campus of UT Austin as described 
previously (e.g. Mercado et al. 2010). Peach leaves (NIST SRM 1547) served as the 
standard, and helium was used as the carrier gas. The total amount of PO15N was calculated 
by comparing the peaks of 29N2 and 30N2 with the standard. The precision (repeatability) 
for PON was within 1 % of the mean value. 
15NH4+ and 15NOx- analysis 
15NH4+ was analyzed using the ammonium isotope retention time shift high 
performance liquid chromatography (AIRTS-HPLC) technique (Gardner et al. 1991, 1993, 
1995). The brief principle is that 15NH4+ passes through a cation exchange column slightly 
slower than 14NH4+. The cation exchange column efficiency is not sufficient to completely 
separate 15NH4+ from 14NH4+, but the ratio of 15NH4+: total NH4+ is reflected in the shift in 
retention time, with larger retention time delay representing higher ratio of 15NH4+ 
(Gardner et al. 1991). Thus, “retention time shift” is defined as the difference between the 
sample retention time shift relative to that of a natural abundance internal standard. Organic 
N normally has minimal effects on results, because the cation exchange column isolates 
NH4+ and 15NH4+ from other primary amines and amino acids. 
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Less than 5 mL of sample is required for the 15NH4+ analysis, and each sample was 
run in triplicate. Sample was filtered immediately before analysis with a micro sample-
filtering device (Gardner and Vanderploeg 1982). The fluorometric response of OPA-NH4+ 
derivative was measured by a fluorimeter (Gardner et al. 1991). Concentration of total 
NH4+ is calculated by comparing peak area of sample with peak area of internal NH4+ 
standard, and the ratio of 15NH4+ is calculated by comparing the retention time shift with a 
calibration curve established for each batch run using standard solutions with the same 
salinity as the samples. 
NOx- (NO2- + NO3-) in the sample/standard was reduced to NH4+ by reacting with 
Zn under acidic conditions (Gardner et al. 1995; Carini et al. 2010). Briefly, 15 mL of 
sample/standard was acidified with 2 M H2SO4 (ca. 140 µL) to reach a pH of 2. An 
excessive amount of Zn powder (ca. 150 mg) was added. This approach was convenient 
and avoided the potential problem of NH4+ carry-over when sample volume is small (ca. 
15 mL; Gardner et al. 1995) compared with the traditional Zn column method (over 200 
mL; Axler and Reuter 1987). The vial was then capped and shaken vigorously before 
incubation at room temperature on a shaker table at 75 rpm for at least 30 min (Carini et 
al. 2010). To avoid potential matrix effects, 3 mL of boric acid mobile phase buffer (pH 
9.41) was added to the vial to increase the pH. A precipitate of Zn(OH)2 formed as pH 
increased. The vial was then shaken and allowed to settle for at least 15 min. The sub-
sample was ready for AIRTS-HPLC analysis after it was passed through a 0.2 µm pore size 
nylon filter. NOx- concentration and 15NOx- isotopic ratio were calculated after subtracting 
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NH4+ and 15NH4+ concentration from the total dissolved inorganic N pool, respectively. No 
fractionation was detected in the Zn reduction process. 
Dissolved organic 15N (DO15N) analysis 
DON in the water sample was oxidized to NO3- using a constructed UV-oxidation 
apparatus following the design in a published study (Armstrong and Tibbitts 1968). The 
1200 W mercury vapor lamp (P/N: PC122.120) and the ballast (P/N: 34966001) were 
purchased from Hanovia. 15N-Ala and 15N-urea served as reduced organic N standards in 
this work, as recommended previously (Bronk et al. 2000). 
Briefly, 20 mL of sample or standard was transferred into a quartz tube, and 200 
µL of H2O2 (30%) was added to facilitate the oxidation process (Armstrong and Tibbitts 
1968; Bronk et al. 2000). The tube was capped and shaken vigorously and was irradiated 
for 24 h. To avoid potential issues in the subsequent reduction reaction, oxidized sample 
or standard was kept in a 4 ºC fridge for at least 24 h before further reducing to NH4+ via 
Zn reduction as described above. No fractionation was reported in the UV oxidation 
process so far. 
The reduced sample or standard was analyzed via AIRTS-HPLC as described 
above, in which DON concentration and DO15N isotopic ratio were calculated after 
subtracting the DIN (NH4+ + NOx-) measured in previous steps from the total N pool. As 
an alternative choice, TD15N concentration can be analyzed with MIMS using the OX-
MIMS technique (Yin et al. 2014). After UV oxidation and subsequent Zn reduction, 
samples were oxidized with ca. 0.2 mL hypobromite iodine solution. All 15N was 
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transformed into N2 gas (30N2 and 29N2), which can be measured with a MIMS as TD15N. 
Concentration of DO15N was calculated by subtracting DI15N from measured TD15N. 
Incubation experiment 
Two controlled incubation experiments were conducted to test the proposed N 
analytical method, and to investigate the fate of N over a short incubation time (< 4 days). 
Coastal water samples were collected from (1) a Ship Channel site (27.84° N, 97.05° W) 
in Port Aransas, Texas, connected to the open Gulf of Mexico (GOM), and (2) a northern 
GOM (28.85º N, 90.37º W) site in the Mississippi River plume in June 2015 and May 2016, 
respectively. 15N-alanine (15N-Ala; C3H715NO2) was used in the 2015 incubation 
experiment, while 15N-tetrapeptide Alanine-Valine-Phenylalanine-Alanine (15N-AVFA; 
C20H3015N4O5) was used for the 2016 incubation experiment. AVFA is a fragment of 
RuBisCO, and its decomposition and hydrolysis in coastal waters have been well studied 
(Liu et al. 2013; Liu and Liu 2015b, 2016). The initial concentration of 15N-Ala was ca. 10 
µmol·L-1 in the 2015 incubation experiment. The initial concentration of 15N-AVFA was 
ca. 1 µmol·L-1 in the 2016 experiment, equivalent to a 15N concentration of 4 µmol·L-1. In 
the Ala incubation, DO15N was measured using AIRTS-HPLC while in AVFA incubation, 
DO15N was measured using OX-MIMS. 
Aliquots of collected water were transferred into pre-combusted amber glass 
bottles. Samples were incubated in the dark at near in situ water temperature. Subsamples 
were taken for 15N analysis at designated time points (0 h, 12 h, 24 h, and 48 h for the Ala 
incubation; 0 h, 24 h, 43 h, and 86 h for the AVFA incubation). 
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ASSESSMENT 
AIRTS-HPLC analysis of 15NH4+ and 15NOx- 
Using AIRTS-HPLC to measure 15NH4+ and Zn-reduction with subsequent AIRTS-
HPLC to measure 15NOx- in 15N-amended samples was described previously (i.e., Gardner 
et al. 1995; McCarthy et al. 2007, 2015; Carini et al. 2010; Lin et al. 2011). The assessment 
section here will focus on the oxidation of DON to NO3-. 
Persulfate oxidation of DON 
Three commonly applied conventional methods to convert DON to NO3- include: 
persulfate oxidation (PO), UV-oxidation, and high temperature oxidation (Bronk et al. 
2000), and each of them has its own advantages and disadvantages. Persulfate oxidation 
provides the highest recovery rate, but has high blank values and cannot oxidize refractory 
DON effectively (Bronk et al. 2000). In contrast, UV-oxidation generates very low blanks, 
but recovery rates are sometimes inconsistent (Bronk et al. 2000). Persulfate oxidation and 
UV-oxidation were both evaluated in this effort. 
Persulfate oxidation was performed following the published protocols (Valderrama 
1981; Bronk et al. 2000). The standard solution was autoclaved for 30 min at 121 ºC and a 
pressure of 15 lb·in-2. After oxidation, Zn reduction was performed following the procedure 
described above. However, the results showed that concentrations of total N obtained from 
AIRTS-HPLC were much higher than the amount spiked, and no relationship between 
retention time shift and 15N ratio could be established (data no shown).  
It remains unclear what could have caused this inconsistency, but atmospheric N2 
might interfere with the N analysis, even though the oxidation of N-N triple bond is not 
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very efficient (Nydahl 1978; Valderrama 1981). Atmospheric N can react with persulfate 
reagent, thus producing NO3- during autoclaving (Hagedorn and Schleppi 2000). 
Conversion of N2 into NO3- may explain why the measured N concentration was much 
higher than the amount spiked. It also offers a reasonable explanation to the lack of linear 
relationship between 15N ratio and RTS in HPLC. The amount of 15N spiked in the standard 
was negligible compared with the amount of 14N in the atmosphere, resulting in an actual 
15N ratio close to natural abundance, which is beyond the detection limit of AIRTS-HPLC. 
Besides the interference from atmospheric N, matrix may be another factor. An alkaline 
environment is required for persulfate oxidation of N, which might have conflicted with 
the subsequent Zn reduction that occurs in an acidic environment. 
Finding out the exact reason of the failure in persulfate oxidation for DO15N 
analysis is beyond the scope of this work. Nevertheless, it shows us that persulfate 
oxidation is not appropriate for the purpose of this work. 
UV oxidation of DON 
UV oxidation is much cleaner than persulfate oxidation in terms of matrix, as H2O2 
is the only chemical added. A clean matrix is critical to the analysis of 15NH4+ using 
AIRTS-HPLC (Gardner et al. 1991, 1995). 
Though previous studies suggested that the oxidation of organic matter by UV is 
completed generally within 2 to 3 h with a 1200 W lamp (Armstrong and Tibbitts 1968), 
our samples were oxidized in the UV chamber for 24 h to ensure a complete conversion of 
all N to NO3- (Gardner and Stephens 1978). To test oxidation efficiency, a natural DOM 
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sample collected from a plant leachate experiment with known DON concentration was 
diluted to make a standard with salinity of 35‰ (by addition of NaCl). The recovery 
efficiency was evaluated by comparing the “measured concentration” of NH4+ produced 
after UV oxidation and subsequent Zn reduction, with the “actual concentration”. The 
recovery rate for the natural DON we tested was about 78% (Figure 3.2). At low 
concentrations (N < 8 µmol·L-1), our method often overestimated the DON concentration 
in the sample, while at high concentrations (N > 20 µmol·L-1), the method often 
underestimated the DON concentration. The calculated recovery rate was lower than for 
other methods (i.e., ca. 95% in Toshihiro et al. 2005), but comparable to the reported 
recovery rate for UV oxidation method (Bronk et al. 2000). In addition, the linearity of the 
calibration curve (R2 = 0.997; Figure 3.2) indicates that the concentration of N in samples 
can be calculated accurately if calibration standards are run together with samples in the 
same batch. Since AIRTS-HPLC requires standards for the calculation of isotopic ratios, 
adding standards in the run does not increase the work load or increase the analysis time. 
We also examined recovery of several other organic N compounds in nanopure 
water with salinity adjusted to 35‰ by NaCl. Organic N standards were prepared with: (1) 
tetrapeptide AVFA, (2) bovine serum albumin (BSA), (3) a natural DOM sample with 
known DON concentration, and (4) urea. Recovery rates for different compounds ranged 
from 89.9% to 101.1%, with the lowest recovery rate for AFVA, and the highest for urea 
(Figure 3.3). The tendency to underestimate high concentration was apparent. In contrast 
to our results, urea was only partially oxidized by UV in early studies (Armstrong and 
Tibbitts 1968). This problem was overcome by the application of a high-power mercury 
 56 
arc lamp (1200 W) and an extended oxidation time (24 h) in our method. Using persulfate 
oxidant solution to replace H2O2 could increase the oxidation efficiency of UV (Bronk et 
al. 2000), but was not suitable for our system due to the matrix issue concern for HPLC 
analysis. 
As mentioned above, the isotopic ratio of 15N in the sample/standard by AIRTS-
HPLC is calculated by comparing the retention time shift with a calibration line established 
in each batch run. To examine the linearity of the calibration line, 15N-urea and 15N-Ala 
were used as known isotopic ratio standards. Both of these standards generated a robust 
calibration line, with R2 of 0.9994 for 15N-urea (Figure 3.4A) and R2 of 0.9998 for 15N-Ala 
(Figure 3.4B). The high linearity of the calibration line indicates that the oxidation of 
organic N using UV does not further fractionate the N. 
Overall, this UV oxidation with subsequent Zn reduction and AIRTS-HPLC 
analysis provides a reliable and accurate measurement of the 15N concentration in the 
sample. 
Application to incubation experiments 
The proposed method, as shown in Figure 3.1, was applied to incubation 
experiments to (1) test its application in field studies further, and (2) investigate the fate of 
N during the decomposition of amino acids and peptides. Incubations of alanine were 
conducted using unfiltered surface water (salinity ca. 20‰) collected from the Ship 
Channel near the University of Texas Marine Science Institute, and the initial concentration 
of added 15N-Ala was 10 µmol·L-1 (equivalent to 10 µmol N L-1). Our preliminary 
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experiments illustrated that PO15N generally constituted only a minor fraction (≤ 2%) of 
the total 15N pool (data not shown). This low PO15N percentage observed is consistent with 
the low PON concentrations and percentages reported in other studies (Bronk et al. 2007; 
Sipler and Bronk 2015). During the incubation, alanine disappeared within 12 h, as 
indicated by the quick concentration drop (Figure 3.5A). Rapid accumulations of 15NH4+ 
and uncharacterized DO15N (DON other than alanine) were detected with the decrease in 
15N-Ala concentration, indicating that the spiked Ala-15N was transformed to other forms. 
On the other hand, the concentration of 15NOx- was < 4% of the initial spiked 15N in the 
system. This observation is consistent with previous incubation experiments (e.g., Liu et 
al. 2013), in which the fate of N was calculated based on mass balance. The DO15N detected 
in the sample, about 50% of the initial 15N-Ala added, is not alanine, as no free alanine was 
detected with HPLC fluorescence detention (Lee et al. 2000; Liu et al. 2013). One possible 
explanation may be that these DO15N originated from the modification of original spiked 
alanine, and that these amino acid-derived molecules were structurally altered and no 
longer captured by the amino acid analysis, as suggested by a previous molecular level 
dissolved organic matter study (Liu et al. 2011). 
A tetrapeptide (AVFA) incubation was conducted using unfiltered surface seawater 
collected from station C6 in the northern GOM, and the initial concentration of AVFA was 
1 µmol·L-1 (equivalent to 4 µmol N L-1). Unlike amino acid alanine, AVFA disappeared at 
a much slower rate (Figure 3.5B), with total peptide and amino acid fragments gone by 87 
hours. Similarly, the 15NH4+ and uncharacterized DO15N (DON other than peptide or amino 
acid) represented 55% and 45% of added 15N at the end of the incubation, and very low 
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percentage of added 15N (less than 7% at 24 h and 0 in the rest time points) was recovered 
as 15NOx- throughout the incubation. The early appearance of other DON in the alanine and 
AVFA incubation is consistent with previous findings (Liu et al. 2017b). The structure of 
these other DON compounds is unknown. Further studies are needed to elucidate the 
molecular level information and long-term fate of these newly formed DON compounds. 
The overall recovery rate of two sets of incubation experiments varied from 93.4% 
to 120.0%. These incubation experiments showed that the fate of 15N can be accurately 
quantified by our method.  
COMMENTS AND RECOMMENDATIONS 
The proposed method is generally more cost-effective and timesaving than the 
conventional methods for determining 15N in different forms (e.g., Axler and Reuter 1987; 
Slawyk and Raimbault 1995; Hasegawa et al. 2000). Conventional methods, and even 
newly developed methods (Toshihiro et al. 2005; Isobe et al. 2011), require complex 
preparation processes, such as the alkaline isolation of NH4+ as NH3 and subsequent 
trapping of NH3 to ammonium salt, which not only is the rate-limiting step (Toshihiro et 
al. 2005; Isobe et al. 2011), but also is problematic in terms of NH3 carry-over to other N 
pools (Slawyk and Raimbault 1995), and the potential loss of labile organic N such as 
amino sugars, amino acids and amines (Toshihiro et al. 2005). 
Our method offers an alternative way to analyze 15NH4+ in the sample through 
HPLC. Each sample takes about 40 min to run. With the current set-up in the lab, 6 samples 
(each sample run in triplicate, and a three-point standard curve is required for either batch) 
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can be handled by HPLC in one day. The high throughput OX-MIMS method recently 
developed (Yin et al. 2014) can be used in TD15N/DO15N analysis, but is not applicable to 
analyze 15NH4+ alone. The hypobromite iodine solution is capable of oxidizing some labile 
organic N along with NH4+, which could cause potential error to the analysis.  
Rate-limiting step in the proposed method is the oxidation of DON and triplicated 
measurements of samples by AIRTS-HPLC. Our constructed UV oxidation apparatus now 
is capable of oxidizing 6 samples per day but it could be upgraded to 12 samples per day 
with modification. However, this number is still quite low compared with persulfate 
oxidation. One possible way to overcome this issue is to combine with high throughput 
method. For instance, DI15N could be analyzed with this method, while DO15N can be 
measured using a combination of persulfate oxidation (oxidize all N to NO3-), Zn reduction 
(reduce all NO3- to NH4+) and OX-MIMS (oxidize all NH4+ to N2 gas).  
Overall, the methodology we developed in this work provides an effective way to 
analyze the 15N in different forms in aqueous samples. Compared with conventional 
approaches, this proposed method eliminates the need of the time-consuming pretreatments 
for NH4+ isolation, and requires a much smaller volume of sample to analyze different 
forms of 15N. Furthermore, using HPLC to analyze NH4+ and NOx- in the sample provides 
a foundation that can be expanded for future research, and the merit of the experiment will 
be enhanced. This method is particularly useful in evaluating the fate of N from labile 
organic nitrogen, and the formation mechanisms of semi-labile and refractory DON in 
aquatic environments.   
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Figure 3.1. A scheme showing all the steps of the process. 
 




Figure 3.3. Recovery rates of different DON compounds. Open circles represent 
concentration from each measurement. Grey circles represent the mean of 
the individual measurements, with error bars as SE. Red circles represent the 




Figure 3.4. Calibration curve for isotopic ratio vs. retention time shift, (A) using urea as 













Chapter 4. Using a 15N labeled peptide to trace the fates of nitrogen 




Dissolved organic nitrogen (DON) represents a major N reservoir in aquatic 
systems. However, our understanding of this N pool is still limited due to our inability to 
identify DON at the molecular level. Controlled simplified incubation experiments with 
known substrates offers a helpful angle to reveal information about initial dynamics of 
DON formation. Here we used a 15N-labeled tetra-peptide, Ala-Val-Phe-Ala, as a “typical” 
organic substrate, to monitor the fate of 15N during incubation periods of up to 60 d with 
northern Gulf of Mexico waters. NOx (NO2- + NO3-) was the dominant form of dissolved 
inorganic nitrogen (DIN) at the end of the incubations. Contrary to previous DOC studies, 
a large fraction (over 40-60%) of peptide N was transformed into uncharacterized DON 
within a time scale of one month. However, when using 15N-Ala as substrate, only a minor 
fraction (< 7%) of the initially spiked 15N was transformed into DON. We speculate that 
small peptide-like structure, in particular Val and Phe containing structures, may be 




Dissolved organic nitrogen (DON), by definition, is the subset of the dissolved 
organic matter (DOM) pool that contains nitrogen (N). The DON pool is important to 
microorganisms, because one “metabolic drive” through DON may provide them with 
needed structural N and carbon (C) and energy (Bronk 2002; Sipler and Bronk 2015). 
However, systematic studies into DON dynamics have lagged far behind those of the its C 
counterpart, dissolved organic carbon (DOC), primarily due to the substantial analytical 
challenges inherent in DON research (Bronk 2002).  
DON is considered among the most complex molecular mixtures on earth. Due to 
its chemical complexity, our lack of insight into its cycling, and the analytical limitation in 
molecular level characterization, the marine DON pool has long been considered a “black 
box”, with less than 14% of the marine DON identified at the molecular level (Worsfold et 
al. 2008; Cao et al. 2017), leaving the majority of compounds comprising the DON pool 
uncharacterized (Sipler and Bronk 2015). This “black box” of DON can be categorized 
further into three subsets based on its global distribution: (1) a large refractory pool of 
unidentified components; (2) a semi-labile pool including compounds such as proteins, 
dissolved combined amino acids (DCAAs), and amino polysaccharides; and (3) a small 
labile pool containing labile forms such as urea, dissolved free amino acids (DFAAs), 
peptides and proteins, and nucleic acids (Bronk et al. 2007), with turnover times ranging 
from minutes for DFAAs (e.g., Fuhrman 1987) to days for urea (e.g., Bronk et al. 1998) 
and DNA (e.g., Jørgensen et al. 1993). DON can transfer from one subset to the other 
through different abiotic or biotic processes (e.g., Amon and Benner 1996; Dittmar 2015), 
 66 
and bacteria may play an important role in the transformation of labile DON to semi-labile 
or refractory DON (Brophy and Carlson 1989; Tranvik 1993; Heissenberger et al. 1996; 
Ogawa et al. 2001). In this work, we specifically define that DON with a turnover time 
over a year as “refractory DON”; DON with a turnover time less than a few days as “labile 
DON”; and DON with an intermediate turnover time ranging from days to a year as “semi-
labile DON”. 
To date, the molecular structure and dynamics during the early stage of DON 
formation still remains elusive. Thus, information on the smaller molecular subunits could 
provide important hints on the source and turnover of DON. Under this scenario, controlled 
incubation experiments with known labile substrate could be a preliminary but important 
step in DON studies. Amino acids and small peptides are key intermediate products in the 
decomposition of labile organic nitrogen. For instance, dissolved combined amino acids 
(DCAA), presumably in forms of peptides and proteins, are relatively abundant (0.2 to 4 
µmol L-1) in the water (Bronk 2002; Aluwihare and Meador 2008). Short-term 
decomposition of peptides and amino acids were studied systematically with synthesized 
peptide or peptide analogs (e.g., Hoppe 1983; Hoppe et al. 1988; Pantoja et al. 1993, 1997; 
Pantoja and Lee 1999; Liu et al. 2013, 2015; Liu and Liu 2015b, 2018). However, the long-
term dynamics and fate of amino acid-N and peptide-N have not been extensively 
addressed.  
In this study, mechanisms of DON decompositions and production by marine 
bacteria were studied in marine coastal waters using relatively long-term (months) 
incubation experiments with added 15N-labled peptide and 15N-amino acid as substrates. 
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We hypothesized that (1) the fate of N differs between different environments (i.e., oxic 
water vs. hypoxic water); and (2) a small fraction of the substrate N will be transformed 
into uncharacterized DON by the end of the incubation. The specific objectives of the 
present study are to: (1) investigate how semi-labile DON is formed from simple 
biomolecules in marine system by tracing the fate of the tetrapeptide (Alanine-Valine-
Phenylalanine-Alanine, AVFA; C20H30N4O5) and amino acid (Alanine, Ala; C3H7NO2); 
and (2) examine and quantify the fate of the peptide- and amino acid-N over short (hours) 
to long (month) time periods. To achieve these goals, 15N labeled peptide and amino acid 
were added to seawater and incubated for at least one month. The concentrations and 
percentages of 15N in ammonium, nitrate/nitrite, particulate organic nitrogen (PON) and 
DON were monitored over time using a combination of mass spectrometry and HPLC 
techniques, as described in Chapter 3. 
 
MATERIALS AND METHODS 
Peptide synthesis and sampling sites 
15N labeled AVFA (≥ 99%) was custom-synthesized (CS BIO) using isotope 
labeled amino acids with an automated solid phase peptide synthesizer, as described in a 
previous study (Liu et al. 2010). 15N labeled alanine was purchased from Sigma-Aldrich 
(P/N 332127-500MG). 
The peptide incubation experiment was conducted aboard the R/V Pelican in the 
northern Gulf of Mexico in May 2013 and May 2016. Water was collected using Niskin 
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bottles mounted on a CTD rosette at Station C6 (28.85º N, 90.37º W) (Rabalais et al. 2001). 
The C6 site has a depth of about 18 m, and is subject to seasonal hypoxia in bottom waters 
(Rabalais et al. 2002). Hypoxia was observed during sampling in both years. The amino 
acid incubation experiment was conducted using surface water collected from Ship 
Channel near UTMSI (27.84° N, 97.05° W).  
Experiment design 
Seawater for the 2013 AVFA incubation experiment was collected from two 
depths, surface (2 m) and bottom (ca. 16 m) at C6 station. Seawater aliquots (25 mL) were 
transferred into 30 mL pre-combusted amber glass bottles. 15N labeled AVFA was added 
into each bottle to provide a final concentration of ca. 1 µmol L-1 (4 µmol L-1 15N). Samples 
were incubated in the dark at 25 ºC (near in situ water temperature). At time intervals of 0, 
1, 2, 5, 14 and 30 d, one incubation bottle from each depth was sacrificed for sampling at 
each time point.  
Seawater for the 2016 AVFA incubation experiment, again at C6, was collected 
from surface (2 m) and bottom (ca. 14 m) at C6 station. Aliquots of seawater (50 mL) were 
transferred into 60 mL pre-combusted amber glass bottles. Each bottle was spiked with 15N 
labeled AVFA with a final concentration of ca. 1 µmol L-1 (i.e. 4 µmol L-1 15N) and 
incubated in the dark at ca. 25 ºC. One incubation bottle from each depth was sacrificed at 
designated time points (0, 1, 2, 4, 6, 9, 13, 19, 28, and 60 d). 
For the 2015 Ala incubation experiment, surface water was collected (ca. 0.5 m), 
and aliquots (100 mL) were transferred into 125 mL pre-combusted amber glass bottles. 
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15N labeled Ala was added into each bottle to provide a final concentration of ca. 10 µmol 
L-1 (10 µmol L-1 15N). Incubated in dark at ca. 25 ºC, one incubation bottle was sacrificed 
at designated time points (0, 0.5, 1, 2, 4, 7, 14, 21 d). 
At each time point, 1 mL subsample was transferred into a 1.5 mL centrifuge tube, 
preserved with 90 µL formaldehyde, and stored at 4 ºC for bacterial abundance 
measurements. The remaining water sample was filtered through pre-combusted 0.7 µm 
glass fiber (GF/F) filter (2013 AVFA incubation) or 0.7 µm GF/F and 0.2 µm nylon filter 
(2016 AVFA incubation and 2015 Ala incubation). The filters and filtrate were stored in a 
freezer at -20 ºC until analysis. 
Bacterial enumeration  
Bacterial abundance was measured following published protocols (Marie et al. 
1997; Gasol and Giorgio 2000; Liu et al. 2013; Liu and Liu 2015c). Briefly, bacteria were 
enumerated using an Accuri C6 Flow Cytometer (FCM) System with a laser emitting at 
488 nm. Formaldehyde-preserved samples (500 µL) were stained with 5 µL SYBR Green 
I (SYBR-I) working solution (1:100, SYBR-I: water, v/v), and incubated under dark 
conditions for at least 15 min. Microbes were detected from their signatures in a plot of 90º 
side light scatter (SSC-H) versus green fluorescence (FL1-H). The discriminator was set 
on FL1-H, as it is proportional to the nucleic acid-SYBR I-complex. The counting error 
was within 25%. 
 70 
15N ammonium (15NH4+) and nitrate/nitrite (15NOx-) analysis 
Analysis of 15N in different forms follows the methods described in Chapter 3. 
Briefly, total ammonium (NH4+) concentrations and atom % 15N-NH4+ were analyzed using 
Ammonium Isotope Retention Time Shift High Performance Liquid Chromatography 
(AIRTS-HPLC; Gardner et al. 1991, 1995). The AIRTS-HPLC cation exchange column 
specifically isolates NH4+ and 15NH4+, so that organic forms of N (amino acids, peptide and 
other DON) do not affect results in natural waters. 
Total nitrate/nitrite (NOx-) concentrations and atom % 15NOx- were analyzed after 
all NOx- was reduced to NH4+ using Zn powder under acidic conditions (Carini et al. 2010). 
After reduction, the NH4+ concentrations and atom % 15NH4+ were measured by AIRTS-
HPLC. The NOx- concentrations and isotopic ratio were calculated by subtracting the NH4+ 
measured in 15NH4+ analysis from the total pool of DIN after Zn reduction (Carini et al. 
2010). 
15N particulate organic nitrogen (PO15N) analysis 
The preserved 0.7 µm GF/F filters were treated with trace metal grade HCl to 
remove the inorganic carbon before particulate organic matter (POM) analysis. Particulate 
organic 15N (PO15N) concentration was measured with an elemental analyzer, which is 
connected to a mass spectrometer as described previously (i.e., Mercado et al. 2010). Peach 
leaves (NIST SRM 1547) served as the standard for calculating PO15N. 
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DO15N analysis 
Peptide and amino acids concentrations were analyzed by HPLC following 
previous studies (Liu et al. 2010, 2013). Briefly, mobile phase A was 0.05 mol L-1 
NaH2PO4 (pH 4.5), and mobile phase B was methanol. Going through a C18 column and 
a photodiode array detector (PDA) at a flowrate of 1 mL min-1, mobile phase B (methanol) 
was ramped from 0% to 80% in 20 min, and then to 100% in 5 min. AVFA was quantified 
based on UV absorbance at 206 nm of the PDA detector. Individual amino acids were 
measured directly using HPLC with fluorescence detection after pre-column o-
phthaldialdehyde derivatization (Liu et al. 2013). Total hydrolyzable amino acids (THAA) 
were measured after hydrolysis into individual amino acids using 6 mol L-1 HCl under 
nitrogen at 110 °C for 20 h following a published protocol (Liu et al. 2013).  
Bulk DON in the water sample was first oxidized to nitrate (NO3-) using an 
assembled UV-oxidation apparatus generally following the published design (Armstrong 
and Tibbitts 1968). The 1200 W mercury vapor lamp (P/N: PC122.120) and the ballast 
(P/N: 34966001) were purchased from Hanovia. Oxidized samples were kept refrigerated 
at 4 ºC for at least 24 h before subsequent reduction of amino acid-N to NH4+ with Zn. Due 
to the limited amount of samples, total dissolved 15N concentration was only measured in 
the 2015 15N-Ala incubation and 2016 15N-AVFA incubation. In 15N-Ala incubation, 
15NH4+ was analyzed with AIRTS as described above, and in 15N-AVFA incubation, 
15NH4+ was analyzed using the OX-MIMS technique following Yin et al. (Yin et al. 2014). 
The DO15N concentrations were calculated by subtracting the DI15N measured in previous 
steps from the TD15N. 
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RESULTS 
Peptide and amino acid concentrations 
Concentrations of incubation substrates dropped rapidly in both AVFA and Ala 
incubations (Table 4.1). AVFA dropped to non-detectable level within 2 d in surface water 
and within 1 day in bottom water in 2013; and were below the detection limit within 4 d in 
both depths in 2016. Peptide degraded faster in bottom water than in surface water in 2013, 
but the degradation rates were not significantly different in 2016 (t = -0.759, p > 0.05). The 
rapid degradation rates in bottom water vs. surface water in 2013 agrees with previous 
reported results (Liu et al. 2010, 2013). In the 2016 incubation, THAA concentration 
quickly dropped to less than 3 µmol L-1 within 4 d in surface, and within 13 d in bottom 
with some fluctuations (Figure B1). Meanwhile, total Ala, Val, and Phe concentrations 
(free amino acids + combined amino acids) quickly dropped to less than 0.2 µmol L-1 within 
6 d in both depths (Figure B2). In the 2015 Ala incubation, Ala concentration dropped 
below detection limit within the first 24 hours of the incubation (Table 4.1). 
Bacterial abundance  
Changes of bacterial abundance with time in the two AVFA incubations followed 
a similar pattern corresponding to the change of peptide (Figure 4.1). Bacterial abundance 
experienced an ascent during the beginning stage of the incubation when peptide or amino 
acid was still present, increasing from 8.7×105 cells mL-1 to 9.5×105 cells mL-1 during the 
first 48 hours in surface and from 9.2×105 cells mL-1 to 1.8×106 cells mL-1 during the first 
24 hours in bottom in 2013 incubation (Figure 4.1A); from 1.2×106 cells mL-1 to 1.3×106 
cells mL-1 during the first 48 hours in surface and from 7.2×105 cells mL-1 to 1.4×106 cells 
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mL-1 during the first 24 hours in bottom in 2016 incubation (Figure 4.1B); and from 
1.2×107 cells mL-1 to 1.7×107 cells mL-1 during the first 12 hours in 2015 incubation 
(Figure 4.1C)  
Bacterial abundance started to decline after peptide or amino acid was depleted. 
The abundance dropped to about 1.6×106 cells mL-1 in the 2015 Ala incubation, only about 
10% of the original abundance (Figure 4.1C). In 2013 and 2016 incubations, small 
increases towards the end of the incubation were observed after the sharp decline. The 
abundance dropped to 1.5×105 cells mL-1 at both depths in the 2013 incubation (Figure 
4.1A). In 2016 incubations, it dropped to 3.5×105 cells mL-1 before increasing to 1.1×106 
cells mL-1 in surface samples, and to 2.6×105 cells mL-1 before increasing to 6.4×105 cells 
mL-1 in bottom ones (Figure 4.1B). 
15N in inorganic form: 15NH4+ and 15NOx 
It is reasonable to assume that all the dissolved inorganic 15N measured in this study 
originated from the added 15N labeled AVFA because the natural abundance of 15N in 
seawater is low. The δ15N in nitrate relative to air is lower than 5‰, as compared to a 
negative value for δ15N in nitrite and about 10‰ for ammonium (Sigman and Casciotti 
2001).   
15NH4+ concentration exhibited a similar three-stage pattern in all incubations, 
regardless of the water depth or time or location of incubation (Figure 4.2). At the 
beginning of the incubation, 15NH4+ accumulated quickly. 15NH4+ concentration increased 
from 0 µmol L-1 to 1.7 µmol L-1 within the first 5 d in surface and to 1.1 µmol L-1 within 
 74 
the first day in 2013 incubation (Figure 4.2A), to ca. 2.4 µmol L-1 within the first 4 d in 
both depths in 2016 incubation (Figure 4.2B), and to ca. 4.5 µmol L-1 within the first 12 
hours in 2015 incubation (Figure 4.2C). A slow increasing or steady stage followed. In this 
stage, 15NH4+ either remained relatively steady (from day 5 to day 14, surface 2013, Figure 
4.2A), increased slowly (from day 1 to day 14, bottom 2013, Figure 4.2A; from day 4 to 
day 28, surface 2016, Figure 4.2B; from day 0.5 to day 7, 2015, Figure 4.2C), or decreased 
slightly (from day 4 to day 28, bottom 2016, Figure 4.2B). Finally, the incubation water 
experienced a sharp decrease in 15NH4+. For all incubations, the concentration of 15NH4+ 
was either close to 0 µmol L-1 or below detection limit by the end of the incubation (Figure 
4.2). 
15NOx had a much simpler trend than 15NH4+. A monotonic increasing trend of 
15NOx was observed in all incubations with the exception of the 2013 bottom experiment, 
in which the 15NOx concentration fluctuated during the incubation but followed an 
increasing trend. Specifically, in the 2013 incubation no 15NOx was detected in surface 
water until day 14. Within the last 16 d, 15NOx concentration in surface water accumulated 
quickly to ca. 0.6 µmol L-1 (Figure 4.2A). 15NOx appeared much earlier in the bottom water. 
On day 2, ca. 1.1 µmol L-1 15NOx was detected. At the end of incubation, ca. 2.4 µmol L-1 
of peptide-15N was transferred into NOx forms (Figure 4.2A). A similar trend was observed 
in the 2016 incubation. No 15NOx was detected in the samples until day 28 in surface water 
and day 19 in bottom water. About 1.4 µmol L-1 and 1.7 µmol L-1 15NOx was detected at 
the end of the incubation in surface and bottom, respectively (Figure 4.2B). The appearance 
of 15NOx in 2015 Ala incubation was the earliest among all three incubations. Within the 
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first week of incubation, the conversion of peptide-N to nitrite/nitrate-N was detected 
(Figure 4.2C), and the concentration of 15NOx increased rapidly since then, ending up with 
over 8 µmol L-1 15N stayed in the form of NOx on day 21. 
To summarize, 15NH4+ was the dominant form of dissolved inorganic 15N (DI15N) 
during the initial stage of the incubation. As the incubation proceeded, 15NH4+ decreased 
while 15NOx increased. By the end of the incubation, 15NOx dominated the DI15N pool, 
while 15NH4+ either was below detection limit, or only accounted for a small fraction. 
15N in organic form: PO15N and DO15N 
PO15N, measured only for the 2013 incubation, constituted only a minor fraction of 
the total 15N pool. The changes of PO15N resembled the patterns of bacterial abundance at 
both depths, particularly in bottom water (Figure B3). In surface water the PO15N 
concentration fluctuated slightly throughout the incubation (Figure B3). It increased from 
0.07 µmol L-1 at the beginning of the incubation to only 0.09 µmol L-1 at the end, with the 
highest concentration (0.10 µmol L-1) observed at the time point of 2 weeks. In bottom 
water sample (16 m), PO15N increased sharply from 0 h (0.08 µmol L-1) to 24 h (0.58 µmol 
L-1) but then decreased from 24 h to 48 h (0.18 µmol L-1), resembling the changing pattern 
of bacterial abundance observed at the same depth (Figure 4.1). After 48 h, PO15N 
concentrations decreased slowly to a concentration of 0.09 µmol L-1 at the end of the 
incubation. In summary, PO15N generally accumulated only about 2% of the total 15N pool. 
This low PON percentage observed is consistent with the low PON concentrations and 
percentages reported previously (Bronk et al. 2007; Sipler and Bronk 2015). 
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Assuming that all PON was from bacteria, based on PO15N concentration and 
bacterial abundance, the amount of 15N per bacterium cell ranged from 1.2×10-15 g (day 0 
and day 2) to 8.7×10-15 g (day 14) in surface waters, and 1.2×10-15 g (day 0) to 1.2×10-14 g 
(day 5) in bottom water. These values are consistent with the average content of carbon 
and nitrogen for oceanic bacteria (Lee and Fuhrman 1987; Fuhrman 1992; Fukuda et al. 
1998). 
Due to the inadequacy of sample volumes of the 2013 incubation, DO15N was 
measured only in the 2016 AVFA incubation and 2015 Ala incubation. DO15N decreased 
gradually during the incubation (Figure 4.3). The high DO15N concentration early in the 
incubation was from the added 15N-AVFA or 15N-Ala (Table 1). As the incubation 
proceeded, the concentration of DO15N gradually dropped to ca. 2.0 µmol L-1 in surface 
and ca. 1.5 µmol L-1 in bottom on day 4 in the 2016 incubation, and to ca. 1.0 µmol L-1 on 
day 14 in the 2015 incubation. The observed “uncharacterized” DO15N concentrations (ca. 
2.6 µmol L-1 in surface and ca. 1.9 µmol L-1 in bottom in 2016 incubation; ca. 0.9 µmol L-
1 in 2015 incubation) remained constant during the incubation (Figure 4.3). Note that even 
though the concentrations remained constant, the DON compounds may still change. 
Fate of 15N 
The fate of 15N was visualized with bar graphs (Figures 4.4, 4.5, and 4.6). The 
percentage of DO15N in the 2013 AVFA incubation was calculated through mass balance, 
assuming that 15N loss during the incubation was negligible. The recovery rate ranged from 
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83.5% to 120.2% with an average of 98.0% for 15N in 2016 AVFA incubation, and ranged 
from 88.2% to 127.8% with an average of 104.2% for 15N in 2015 Ala incubation. 
Overall, a large fraction of peptide N was transformed into “uncharacterizable” N. 
At the end of the 2013 incubation (day 30), 86.3% and 66.8% of peptide-N was transformed 
to DON in surface and bottom, respectively (Figure 4.4). At the end of the 2016 incubation 
(day 60), 63.7% and 47.3% of peptide-N was transformed to DON in surface and bottom 
waters, respectively. In both incubations, the percentage of DON was higher in bottom 
hypoxic water than that in surface oxic water. Compared with DON, DIN constituted a 
minor component. NH4+ was near the detection limit and NOx accounted for 11.1% and 
32.0% in the 2013 incubation, and 34.4% and 43.3% in 2016 incubation. 
In contrast, NOx is the dominant form of N for the alanine incubation, accounting 
for 82.4% of total N at the end of incubation (Figure 4.6). Similar to the peptide incubation, 
NH4+ is almost undetected. DON, on the other hand, was much lower compared with the 
peptide incubation, only representing 6.6% of the total N pool by the end of the incubation. 
DISCUSSION 
We hypothesized that (1) the fate of N differs between different environments (i.e., 
oxic water vs. hypoxic water); and (2) a small fraction of the substrate N would be 
transformed into uncharacterizable DON by the end of the incubation.  
Our result supports Hypothesis 1 that the fate of N depends on the location and 
biotic characteristics of the water (i.e., oxic water vs. hypoxic water). The 2013 peptide 
incubation experiments indicate that the labeled tetrapeptide degraded more efficiently in 
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the bottom water than in the surface water. With a much higher phosphate concentration 
(ca. 1.0 µmol L-1 in bottom vs. ca. 0.4 µmol L-1 in surface), the decomposition rate of 
peptide in the bottom water was about double that in surface in 2013. The fact that organic 
matter decomposes faster under hypoxic than oxic conditions, which is consistent with 
recent studies in this area (e.g., Liu and Liu, 2015b; Liu et al., 2013), suggests that organic 
matter decomposition in the hypoxic zone is more complicated than recognized previously, 
and nutrient levels, especially phosphate, in water play an important role in controlling the 
degradation rate of labile organic matter (Liu and Liu 2015c). The data suggest that organic 
matter degradation in the hypoxic zone is more complicated than a simple linear transition 
between oxic and anoxic conditions.  
For the AVFA incubation conducted in GOM, the change of 15NH4+ and 15NOx 
concentrations with time showed that ammonification/remineralization and nitrification 
occurred at different stages in surface and bottom waters. In surface water, ammonification 
was dominant early in the incubations, with no sign of nitrification, until day 14 in the 2013 
incubation and day 27 in the 2016 incubation, when it started to dominate (Figure 4.2). In 
comparison, nitrification in bottom water occurred not only faster but also in a higher 
magnitude. This result is in consistent with previous findings (Carini et al. 2010), in which 
nitrification rate was higher in the lower water column. The observed discrepancies 
between surface and bottom water can be attributed to differences in the bacteria 
community at different depths. Nitrifiers, such as Nitrosomonas, Nitrobacter, and marine 
ammonia oxidation archaea (AOA) like Thaumarchaeota, are more abundant in bottom 
than in near-surface waters. This speculation is supported by a recent study of AOA 
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pointing out that Thaumarchaeota was more abundant in deep and less oxygenated water 
in the northern Gulf of Mexico (Tolar et al. 2013, p. 2). It is also possible that high 
phosphate level in the bottom water enhanced the growth of nitrifiers and thus the 
nitrification rate (e.g., Purchase 1974). Further study is needed to elucidate the exact cause 
of this intriguing phenomenon.  
The second hypothesis that only a small fraction of substrate N is transformed into 
uncharacterized DON, however is only supported by our amino acid incubation result, but 
not peptide incubation results. In the peptide incubation, the DON result was inconsistent 
with several other studies of DOC. Previous studies investigated the formation of DOC by 
marine bacteria using different substrates such as glucose (e.g., Gruber et al. 2006; Lønborg 
et al. 2009), leucine (e.g., Heissenberger and Herndl 1994), glucose and leucine (e.g., 
Brophy and Carlson 1989), glucose and glutamate (e.g., Ogawa et al. 2001), and detrital 
lignocellulose (e.g., Moran and Hodson 1989; Bergbauer and Newell 1992). Only a small 
fraction of the original labile substrate, ranging from 1.4% when using leucine as the 
substrate (Brophy and Carlson 1989) to 7.3% when using glucose as the substrate (Lønborg 
et al. 2009), was transformed into unidentifiable DOM at the end of the incubation in terms 
of C. In our 15N study, however, more than 60% and 40% of 15N was detected as DO15N in 
the 2013 AVFA incubation and 2016 AVFA incubation, respectively (Figures 4.4 and 4.5); 
the newly formed DOM cannot be attributed to individual amino acids. These percentages 
in AVFA incubation are one order of magnitude higher than the reported numbers in DOC, 
6% (14C-DOM/initial added 14C-leucine) after eight-day incubations (Heissenberger and 
Herndl 1994), and 5% (DOC/initial added glucose) and 7% (DOC/initial added glutamate) 
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after a one-year incubation in Ogawa et al. (2001), and the 3 to 5% (DOC/initial added 
glucose) after one-month incubation in Gruber et al. (2006).  
The inconsistent results between C and N provide insights into the formation of 
semi-labile DON. During incubation, C from the labile organic substrate is probably used 
as an energy source to fuel and maintain the growth of the bacterial community and is 
remineralized quickly into inorganic form (CO2), which explains why DOC concentration 
dropped rapidly (e.g., Ogawa et al. 2001; Lønborg et al. 2009). Unlike C, N from the 
substrate can be reused after remineralization. Unless removed from the system through 
processes like denitrification (DNF) and/or anaerobic ammonium oxidation 
(ANAMMOX), which were unlikely in our incubation due to the abundance of O2, 
remineralized inorganic N can be re-assimilated into DON quickly. 
A high yield of DON during short term peptide incubations was reported previously 
(e.g., Liu et al., 2013). During the three-day incubation, 21-26% of the N in added AVFA 
and VFA were incorporated into bacterial biomass and/or excreted as DON in surface water 
at C6 station in northern GOM, and the percentage increased to 50-60% in bottom water 
(Liu et al. 2013), but their results were based on mass balance rather than direct 
measurement. Our result through direct measurement confirms the high yield of DON 
when using peptide as the incubation substrate during a long-term incubation. Interestingly, 
a different fate of the spiked 15N was detected in 15N-Ala incubations. In 15N-Ala 
incubation, the DON accounted for 6.6% of total N pool by the end of one-month the 
incubation (Figure 4.6), while the majority of spiked 15N was in inorganic form. The 
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percentage of uncharacterizable DON from the amino acid incubation was low (< 7%) 
compared to peptide incubation but comparable to DOC data.  
Causes for the differences between peptide-substrate incubation and amino acid-
substrate incubation are intriguing, as one would expect amino acid and peptide to share a 
similar fate, since peptides are generally hydrolyzed before becoming available to microbes 
(Weiss et al. 1991; Arnosti 2011; Liu et al. 2013). One possible explanation is that the 
water from the Port Aransas ship channel was different from the northern Gulf of Mexico 
in terms of biological and chemical parameters, such as the bacterial community and 
nutrient concentrations. Alternatively, the metabolism pathways of Val and Phe may differ 
from that of Ala, which may contribute to the observed discrepancy (Amano et al. 1982). 
Val and Phe may be more readily transformed into DON rather than remineralized due to 
their physical (i.e., hydrophobicity) and/or chemical (i.e., branched chain and benzyl 
group) properties. THAA data in the 2016 incubation showed that, unlike Ala, excretion of 
Phe was detected during the incubation (Figure A4.2B & D). An incubation experiment 
conducted at station HO (28.60º N, 91.24º W) in the northern GOM in 2010 (unpublished 
data) supported this speculation. Not only was the excretion of Val and Phe detected, but 
the transformation percentage of individual amino acid Phe to NH4+ resembled that of 
peptide. About 50% of the added amino acid was transferred into NH4+ at the end of the 
incubation. More research is needed to differentiate these two possibilities.  
Without further molecular characterization, our data could not annotate the detailed 
structure of the produced DON compounds. However, recent advancement in molecular-
level characterization of DON could provide further insights into the structural detail of the 
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newly formed DON. 15N-nuclear magnetic resonance (15N-NMR) and Fourier transform 
ion cyclotron resonance mass spectrometry (FT-ICR MS) showed that a large proportion 
of the functional groups of the uncharacterized high molecular weight (HMW) DON are 
amide groups (Aluwihare and Meador 2008; Worsfold et al. 2008; Sipler and Bronk 2015). 
A recent study using advanced two-dimensional NMR further revealed that N-methyl 
amides are important components of the amide compounds in refractory HMW DON (Cao 
et al. 2017). Furthermore, peptides contain structure and/or precursor structure of N-methyl 
amides (McPhail et al. 2007; Tripathi et al. 2010; Cao et al. 2017). Thus, it is possible that 
peptide-like structures containing certain amino acids (i.e., Val and/or Phe) may play an 
important role in the formation of the N-methyl amides. Simple amino acids (i.e., Ala), on 
the other hand are more likely to be quickly assimilated by bacteria but less likely to be 
excreted, due to their simpler structure and its important role in almost all kinds of 
biochemical processes (Amano et al. 1982).  
In conclusion, our results show that (1) peptide was degraded faster in hypoxic 
water than in oxic water, which indicates that hypoxia is not a simple intermediate between 
oxic and anoxic conditions in terms of organic matter degradation; (2) fates of the N from 
the peptide differed between surface and bottom water; and (3) when using peptide as the 
incubation substrate. A large proportion of the N can form new DON and these new DON 
compounds can persist at least for one month, meeting the criterion of semi-labile (at least) 
DON (Bronk 2002). However, when a single amino acid was used, less than 7% of the 
added 15N was transformed into DON. We speculate that small peptide-like structures, in 
particular Val and Phe containing structures, may be important precursors of the refractory 
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DON. Overall, this study provides preliminary but intriguing insights to the formation of 
DON. In addition, our study is based on one peptide, AVFA. Cautions should be taken 
when extrapolating the results to other peptides and peptide homologs. The longer 




Table 4.1. Concentrations of different forms of N at different times during the incubations. 
Different 
Forms of N 
Incubation 
2013 15N-AVFA Incubation 2016 15N-AVFA Incubation 2015 15N-Ala Incubation 
Time Point (day) Time Point (day) Time Point (day) 
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*: For 2013 and 2016 incubations, the upper row is surface water and the lower row is bottom water. 
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Figure 4.1. Bacterial abundance with time of 2013 AVFA incubation (a), 2016 AVFA 
incubation (b), and 2015 Ala incubation. The error bars represent standard 




Figure 4.2. Change of DI15N concentration with time in the 2013 AVFA incubation (a), 
2016 AVFA incubation (b), and 2015 Ala incubation (c). A three-stage 
pattern in 15NH4+ was observed: 15NH4+ rapidly accumulated during the 
beginning stage of the incubation, stayed relatively unchanged for a while, 
and then dropped to undetectable level. 15NOx on the other hand, showed an 




Figure 4.3. Change of DO15N concentration with time of 2016 AVFA incubation (a), and 




Figure 4.4. (a) Percentage of different 15N constituents with time in surface (2 m) water 
of 2013 AVFA incubation; (b) Percentage of different 15N constituents with 




Figure 4.5. (a) Percentage of different 15N constituents with time in surface (2 m) water 
of 2016 AVFA incubation; (b) Percentage of different 15N constituents with 
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ABSTRACT  
Deciphering molecular structures of dissolved organic matter (DOM) components 
is key to understanding the formation and transformation of this globally important carbon 
pool in aquatic environments. Such a task depends on the integrated use of complementary 
analytical techniques. We characterize the molecular structure of natural DOM using an 
ion mobility quadrupole time of flight liquid chromatography mass spectrometer (IM Q-
TOF LC/MS), which provides multidimensional structural information on DOM 
molecules. Geometric conformation of DOM molecules is introduced into molecular-level 
analysis via the ion mobility (IM) in the system, and an actual measurement of isomers is 
achieved for the first time. Our data show that natural DOM molecules from several south 
Texas rivers and adjacent coastal waters have smaller geometric conformation compared 
with standard biomolecules. Furthermore, about 10% of all DOM molecules resolved 
within the detection limit of IM-MS had at least one but no more than four isomers. With 
acquired geometric and isomeric information, we established a multidimensional database 
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containing 89 natural DOM compounds. This database provides a foundation to expand 
further, or compare, with DOM data from different seasons and locations.  
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INTRODUCTION 
Dissolved organic matter (DOM) is an important carbon pool in the ocean, 
containing 660 × 1015 grams of carbon, similar in magnitude to atmospheric carbon and 
over 1000 times more than all living organisms in the oceans combined (Dittmar 2015). 
This large marine carbon pool exchanges constantly with atmospheric carbon through 
processes such as photosynthesis and respiration. Therefore, small disturbances of the 
DOM pool could impact global climate substantially. Despite its potential climatic 
significance, molecular information of DOM is not well defined. Also unclear is why a 
major fraction of this reduced organic carbon persists in an environment enriched with 
electron acceptors for millennial time scales (Dittmar and Paeng 2009; Dittmar 2015). 
Given the small size (≤ 1000 Da) of the most refractory DOM, an intriguing question is 
why is it not assimilated efficiently by bacteria (Dittmar and Kattner 2003)? This paradox 
relates to our limited understanding of DOM at the molecular level. In fact, less than 30% 
of DOM in the surface ocean and only about 5% in deep water has been characterized 
(Benner 2002). Deciphering molecular-level information of DOM is key to understanding 
this important carbon pool and its interactions with pollutants (Chiou et al. 1986; De Paolis 
and Kukkonen 1997) and greenhouse gases (Moran and Hodson 1989; Bouillon et al. 
2012).    
Precise molecular-level analyses of DOM rely on the integrated use of 
complimentary analytical techniques. The current capacity to resolve DOM at the 
molecular-level can be described in the form of a three-dimensional analytical space 
comprising 108 to 1014 individual voxels, which is constrained by the resolution of three 
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complementary techniques of (1) nuclear magnetic resonance (NMR; resolution 102 to 
105), (2) ultrahigh-resolution Fourier Transform Ion Cyclotron Resolution Mass 
Spectrometry (FTICR MS; resolution 104 to 105), and (3) high-performance separation 
(resolution 102 to 104; (Hertkorn et al. 2007). However, our understanding is still not 
comprehensive even though thousands of distinct molecular formulas can be resolved from 
the intricate mixture of DOM with the combination of NMR and ultrahigh resolution MS 
(Hawkes et al. 2016).  
An important deficiency is our limited knowledge of the isomeric information of 
DOM molecules, and thereby the total number of compounds in natural DOM. Knowing 
the total number of different structural units is crucial in exploring reasons behind the long-
term stability of DOM, such as the recently-ignited dilution hypothesis (Dittmar 2015). 
Because high resolution MS only provides isomer-filtered information of complex DOM 
mixtures, estimation of the number of isomers in DOM mixture currently relies on 
calculation and modelling (Hertkorn et al. 2007, 2008; Zark et al. 2017), ranging from over 
a hundred thousand (Zark et al. 2017; Hawkes et al. 2018) to several million (Hertkorn et 
al. 2007; Dittmar and Stubbins 2014). A recent study calculated that the number of DOM 
isomers may be over 10-fold of the detected individual formulas by modelling based on 
intrinsic averaging theory (Zark et al. 2017). Another study further suggested that the total 
number of isomers in natural DOM could be over 107 because a maximum of theoretically 
possible structural isomers exists at the observed level of H-saturation in DOM, and the 
intensities of the mass spectral peaks are a function of the abundance of isomers (Hertkorn 
et al. 2007). However, modelling results alone cannot explain why the molecular size range 
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of DOM has a unimodal distribution with the maximum intensity reached at around 400 
Da (Dittmar and Stubbins 2014). Based on this hypothesis, the mass spectra should have a 
monotonous increasing trend, as the number of isomers should increase exponentially with 
molecular size. The actual measurement of isomers in natural DOM, therefore, may be 
critical in explaining this paradox. 
Ion mobility mass spectrometry (IM-MS) provides structural and isomeric 
information of molecules as a unique dimension in molecular-level DOM studies. Ions are 
separated in the IM chamber through low-energy interactions with inert buffer gas (N2 or 
He) during the transit (May et al. 2014; May and McLean 2015), as ions with larger 
collision cross section (CCS) areas are delayed with longer drift times than smaller ones 
due to more frequent collisions with buffer gas molecules (McDaniel 1964; McDaniel and 
Mason 1973; Fenn et al. 2009). Molecular-level structural information in the form of CCS 
values can help characterize the target compound and differentiate isomers (May et al. 
2014). The coupling of IM and MS in elucidating complex mixtures was reported during 
the past decade (e.g., Baker et al. 2007; Gaspar et al. 2009; Lanucara et al. 2014). However, 
the use of IM-MS focused mainly on either standard biomolecule mixtures or using drift 
time as a supportive tool (e.g., using IM to unravel the existence of multiple charged 
compounds in the standard Suwannee River Fulvic Acids; Gaspar et al. 2009). No 
calibrated CCS values were reported, which made these applications laboratory- and 
instrument-dependent. These limitations prevented accurate cross-lab comparisons to 
generate effective information in molecular-level DOM studies. With recent 
commercialization of traveling-wave IM-MS and drift tube IM-MS (Lanucara et al. 2014; 
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May and McLean 2015), IM-MS now offers a standardized measurement of compounds 
with calibrated CCS values using standards with high precision and confidency (Hines et 
al. 2016). However, to date, the system has not been applied to obtaining systematic 
structural and isomeric information of natural DOM.  
The goal of this study is to provide multidimensional information for natural DOM 
from multiple coastal sites. We report the results of natural DOM analysis using an online 
combination of high-performance liquid chromatogram (HPLC), IM and Quadrupole 
Time-Of-Flight mass spectrometry (Q-TOF MS). Natural DOM samples were collected 
from five South Texas rivers and adjacent coastal waters near the University of Texas 
Marine Science Institute (UTMSI). We aim to explore a new dimension (geometric 
conformation or “shape” of DOM molecules) in molecular-level DOM analysis. More 
importantly, we use the IM-MS to obtain actual measurement of isomers in DOM which is 
not available otherwise (Hertkorn et al. 2007, 2008; Dittmar and Stubbins 2014; Dittmar 
2015). Our results from respective riverine and coastal waters illustrate that natural DOM 
molecules have lower CCS values compared with standard biomolecules of same 
molecular weights, indicating that their geometric conformations are more compact. With 
actual measurement, we demonstrate for the first time that 4.7% to 12.3% (positive mode) 
and 6.4% to 13.1% (negative mode) of the detected natural DOM molecules have at least 
one isomer, but no more than four.  
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MATERIALS AND METHODS 
Sampling sites and sample preparation  
Samples were collected from 7 sites in five south Texas rivers (Aransas River, AR: 
N 28.13°, W 97.43°; Lavaca River 1, LR1: N 28.96°, W 96.68°; Lavaca River 2, LR2: N 
28.83°, W 96.58°; Mission River, MR: N 28.29°, W 97.28°; Nueces Dam, DAM: N 27.88°, 
W 97.63°; San Antonio River 1, SR1: N 28.53°, W 97.04°; San Antonio River 2, SR2: N 
28.48°, W 96.86°; Figure C1, Appendix C) in May 2016 using a 2-L Van Dorn sampler. 
Samples were also collected from the Ship Channel (SC: N 27.84°, W 97.05°; Figure C1, 
Appendix C) connected to the open Gulf in September 2016. One-L samples were filtered 
(0.2 µm pore size) to remove suspended particles. Bulk DOC concentration was measured 
on 20 mL of the filtrate. DOM was isolated from the rest of filtered water and prepared for 
LC/MS analysis by solid-phase extraction (SPE) using a PPL cartridge (Agilent Bond Elut 
PPL cartridge, P/N 12105006) following the established protocol (Dittmar et al. 2008). 
DOM extracts were eluted with methanol and stored at -20 °C until further analysis. They 
were diluted 10-fold with methanol prior to analysis. The recovery rate of DOM extraction 
ranged from 31% to 44% on a carbon basis. All solvents and chemicals were LC/MS grade 
(acquired from Fisher or Sigma Aldrich). 
Instrumentation 
The instrumentation includes an HPLC coupled with an IM-QTOF MS with an 
orthogonal electrospray ionization (ESI) source (Agilent 6560, see Figure C2, Appendix 
C). Ion mobility separation occurs in a 78-cm uniform field drift tube with high purity N2 
as the buffer gas. Ions traverse the drift tube under a weak electric field (10 to 20 V·cm-1; 
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May et al. 2014) to ensure that the mobility of ions depends solely on their structures and 
interactions with the buffer gas. The estimated resolving power (calculated as t/Δt, in which 
t is drift time and Δt is the peak width measured in milliseconds at half height) of ion 
mobility exceeds 60 at drift time of 30 ms (May et al. 2014). The TOF MS alone has 
resolving power greater than 40 000 at m/z of 1200 (May et al. 2014), while the whole 
instrument IM Q-TOF LC/MS can resolve up to 2 000 000 at m/z of 300.  
The MassHunter LC/MS Data Acquisition (Version B.07.00) provided the LC/MS 
parameters setup and monitored the acquisition process. Both positive and negative ion 
ESI modes were applied. However, because the IM data of most biomolecules were 
acquired under ESI+ mode (Tao et al. 2007; Fenn et al. 2009; May et al. 2014), we focus 
on the ESI+ mode here for comparison with published data (details for ESI- data are 
provided in Appendix C). MS and MS/MS data were acquired with the acquisition mode 
of QTOF-Only, while IM data were acquired under the IM-QTOF mode.  
HPLC settings 
For ESI+ mode, mobile phase A was H2O with 0.1% (v/v) formic acid, and B was 
acetonitrile. One-µL of each sample was eluted through a Stablebond C18 column 
(Poroshell 120 SB-C18; 2.7 µm, 2.1 × 100 mm; Agilent P/N 685775-902) at a flow rate of 
0.5 mL·min-1. During the 21-min run, mobile phase B was increased from 3% to 90% 
during the first 15 min, and held at 90% from 15 min to 20 min, and then dropped to 3% 
from 20 min to 21 min. A post-run time of 4 min allowed the column to reach equilibrium.  
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The same C18 column used in ESI+ mode was tested in negative mode, but it offered 
inadequate resolution, with most of the compounds co-eluting in humps (data not shown). 
A hydrophilic interaction chromatography (HILIC) column, on the other hand, separates 
small polar analytes efficiently (Buszewski and Noga 2012). Thus, a HILIC column (2.7 
µm, 15 cm × 4.6 mm SUPELCO, P/N 53981-U) was used in ESI- mode. Mobile phase A 
was H2O with 10 mM ammonium acetate, and mobile phase B was acetonitrile. Formation 
of a stable aqueous layer on the surface of a HILIC column is crucial for achieving optimal 
separation power. Therefore, the column was equilibrated before analysis. At a flow rate 
of 0.4 mL·min-1, mobile phase B was increased from 80% to 97% during the first 15 min, 
dropped to 84% at 18 min, 72% at 21 min, and 60% at 24 min, increased back to 97% at 
30 min and held at 97% until 60 min. For sample analysis, 1 µL of samples was eluted 
through the HILIC column at a flow rate of 0.5 mL·min-1. During the 10-min run, mobile 
phase B was held at 98% during the first 1 min, and dropped to 95% from 1 min to 10 min. 
A post-run period of 15 min allowed the column to reach equilibrium before injection of 
next sample.  
Data acquisition 
The MS, non-targeted MS/MS, and IM-MS acquisition parameters are detailed in 
Appendix C. Specifically, the MS acquisition rate was 4 spectra/s, and acquisition time 
was 250 ms/spectrum. The MS/MS acquisition rate was 2 spectra/s, and acquisition time 
was 500 ms/spectrum. This high frequency of acquisition ensures the application of non-
targeted LC-MS/MS (Petras et al. 2017).   
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MS data analysis 
Data analysis employed MassHunter Qualitative Analysis (Version B.07.00, 
Service Pack 2), MassHunter IM-MS Browser (Version B.07.01), and MassHunter 
Molecular Structure Correlator (Version B.07.00). The built-in function “Find by 
Molecular Feature” in MassHunter Qualitative Analysis identified compounds in the MS 
results. +H was allowed in positive data, while –H, +HCOO, and +CH3COO were allowed 
in negative data. A neutral loss of H2O was enabled in both modes. The mass inaccuracy 
tolerance was set at ≤ 1.5 ppm (< 0.9 mDa at a mass range of 150-600 Da). Possible 
formulas were computed with the function “Generate Formulas”, which takes the exact 
mass, 13C isotope abundance and 13C isotope spacing into account. Generated formulas 
were further screened manually with the following basic criteria (Kujawinski and Behn 
2006; Stubbins et al. 2010; Liu et al. 2011; Hertkorn et al. 2013): (1) Double Bond 
Equivalent (DBE) = 1+ ½(2C-H+N+P) ³ 0; (2) O:C ≤ 1; (3) N ≤ 4 and N:C ≤ 1; (4) 0.333 ≤ 
H/C ≤ 2.25; (5) Nitrogen Rule; and (6) isotopic spacing and abundance (detail in Appendix 
C). 
MS/MS data analysis 
Compounds in MS/MS results were revealed by the function “Find by Auto 
MS/MS” in MassHunter Qualitative Analysis with the following settings: retention time 
window of 0.2 min, set to be comparable to the full width of a typical chromatogram peak 
(Figure 5.1 and C3); an MS/MS TIC threshold of 1,000 for both positive and negative 
modes; mass match tolerance of 0.05 m/z. Possible formulas were assigned to the found 
compounds using the function “Search Database”. The +H, +Na, and –H2O ion species 
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were selected in positive data, while –H, +HCOO, +CH3COO, and –H2O were selected in 
negative data. The database used was a standalone version of METLIN Metabolites (Smith 
et al. 2005). MS/MS data were examined in detail using Molecular Structure Correlator, 
which provided fragmentation information by comparing results with ChemSpider and 
METLIN Metabolites database. 
IM-MS data analysis  
IM-MS data were analyzed with the IM-MS Browser. Drift times, which represent 
the total transit time of the ions, including the mobility drift time and the flight time through 
the interfacing IM-MS ion optics and MS (May et al. 2014), were acquired using the 
function “Find Features (IMFE)” with the following settings: isotope model common 
organic (no halogens); charge state £ 1; ion intensity ³ 50. Compound drift times were 
calibrated with reference ions to determine the gas-phase momentum transfer collision 
cross section (CCS; Mason and Schamp 1958; May et al. 2014).  
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RESULTS AND DISCUSSION 
LC for powerful preliminary separation of DOM molecules 
HPLC is an important tool in molecular-level analysis of complex samples 
(Hertkorn et al. 2007), and has been used to isolate and identify biomolecules in many 
studies (Ogawa et al. 2001; Leenheer and Croué 2003; Rathgeb et al. 2017). Here, the C18 
column provides a preliminary separation of natural DOM molecules based on their 
hydrophobicity. The retention mechanism of the HILIC column is still under debate (Hao 
et al. 2008), but may involve partitioning of analytes from the bulk eluent through 
multimodal retention mechanisms including ion-exchange, hydrogen-bonding, 
hydrophobic and hydrophilic interactions with the immobilized water-rich layer on HILIC 
stationary phases (Alpert 1990; Yoshida 2004; Guo et al. 2007; Hao et al. 2008). Figures 
5.1 and C3 show typical chromatograms for our sampling sites (Rivers and Ship Channel) 
measured under both ESI modes. The HPLC chromatograms were highly reproducible, 
with retention times differing less than 0.05 min between replicate samples (data not 
shown). The chromatograms are divided further into different fractions (F1 to F5) based 
on mobile phase and the distribution of peaks. Note that signal intensity of the marine Ship 
Channel sample was higher than that of riverine samples in ESI+ mode, but lower in ESI- 
mode (Figures 1 and C3).  
A complete MS dataset of both ESI+ and ESI- data was acquired (Appendix C). In 
order to compare with published IM data mainly in ESI+ mode, we here focus on the 
positive mode. ESI+ mode is not used as commonly in most DOM studies, based on the 
assumption that DOM primarily contains molecules with carboxyl groups that can be 
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ionized efficiently in negative mode (Ohno et al. 2016). However, neither ESI- mode nor 
ESI+ mode provides a holistic projection of the complex DOM mixture (Hertkorn et al. 
2008). Our primary goal here is to demonstrate multidimensional information on the size, 
structure and composition of DOM.  
Briefly, our data shows that compounds annotated in ESI+ mode generally have a 
higher average value of H/C (paired t test, df = 7, t = 14.602, p < 0.05) but lower O/C ratios 
(paired t test, df = 7, t = -2.4629, p < 0.05; Table C1, Appendix C). The most prominent 
difference in O/C ratios observed in marine samples agrees with the conclusion from 
previous literature that oxygenated molecules are preferentially ionized in negative mode 
(Hertkorn et al. 2008, 2013; Ohno et al. 2016). On average, 4959 and 2331 peaks are found 
in ESI+ and ESI- mode, with 2816 and 1629 formulas assigned, respectively. The formula 
assignment percentage in this work is 56.4% in ESI+ mode, and 68.4% in ESI-.  
The van Krevelen diagrams are shown in Figure C4 (Appendix C). H/C = 1.5 is 
defined as the molecular lability boundary (MLB) to differentiate natural DOM into labile 
and less labile groups, with H/C ≥ 1.5 corresponding to more labile material (D’Andrilli et 
al. 2015). Using this standard, about one half of the compounds (43.4% in ESI+ and 67.9% 
in ESI-) were below the MLB in both ESI modes, indicating that DOM collected from 
rivers and coastal waters is an intricate mixture of relatively “labile” and “recalcitrant” 
constituents. Lipid-, protein-, cellulose-, and lignin-like biomolecules (Mopper et al. 2007; 
Hockaday et al. 2007; Hertkorn et al. 2008; Liu et al. 2011; Repeta 2015) are present in the 
van Krevelen diagrams, but overall very few compositions of natural DOM are observed 
in the specific sectors of the diagram anticipated for these biomolecules (Figure C4, 
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Appendix C). The majority of natural DOM is positioned between different groups of 
biomolecules (Figure C4, Appendix C). In agreement with previous studies (Hertkorn et 
al. 2002, 2007, 2008; Dittmar and Kattner 2003), this observation indicates that the 
covalent bonding between different classes of biochemical precursor molecules may be an 
important source of natural DOM (Hertkorn et al. 2008). Note that the van Krevelen 
diagrams in this work are different from those reported previously in direct infusion 
experiments, but consistent with a previous LC-MS study (Rathgeb et al. 2017).  
Most previous DOM studies using ultrahigh resolution MS technique such as 
FTICR-MS have applied direct infusion. However, the application of HPLC prior to the 
DOM analysis is still desirable because combining HPLC with MS alleviates ion 
competition/suppression effects during ionization (Petras et al. 2017; Rathgeb et al. 2017). 
In the mixture of DOM, the ionization of the low efficiency compounds is suppressed by 
high efficiency compounds (Tang et al. 2004; Ohno et al. 2016). For instance, in ESI- mode 
carboxyl-rich alicyclic molecules (CRAM; Hertkorn et al. 2006) would be ionized 
preferentially due to their high carboxyl-group content, thus in direct infusion other types 
of compounds would be suppressed (Hertkorn et al. 2008). With the addition of HPLC, 
high ionization efficiency molecules can be separated from low efficiency molecules in a 
certain degree due to their different physical properties. Many compounds with higher H/C 
and/or O/C ratios were revealed in this work (Figure C4, Appendix C) compared with other 
direct-infusion DOM studies (Hertkorn et al. 2006; Liu et al. 2011; Repeta 2015; D’Andrilli 
et al. 2015). This result is consistent with previous findings that fractionated DOM covers 
a larger area of van Krevelen diagrams than non-fractionated (Hertkorn et al. 2008).  
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The other advantage of using HPLC is the separation of compound mixtures by the 
column and hence the enhanced resolving ability in annotating DOM molecules, even 
isomers, because it introduces a near-orthogonal dimension for molecular-level analysis 
(Hertkorn et al. 2007; Petras et al. 2017). When re-examining the van Krevelen diagram 
based on the retention time (Table C2, Figures C5, and C6, Appendix C), the H/C ratios 
increase and O/C ratios decrease progressively as the solvent shifts from hydrophilic to 
hydrophobic in ESI+ mode, while H/C ratios increase as the solvent becomes less 
hydrophobic in ESI- mode (Table C2, Appendix C). The retention time information can 
also differentiate structural isomers. For example, more than one peak with m/z of 437.1943 
were detected in Ship Channel samples but not in riverine samples under ESI+ mode 
(Figure 5.2). Of the several m/z 437.1943 peaks, one compound eluted at about 11.3 min 
at fraction F3, as compared to ca. 18.5 min at fraction F4 for the other compound (Figure 
5.2a). Although the two compounds had identical m/z and isotopic features (Figure 5.2b & 
c), their drastically different elution times indicate that they are isomers, with the second 
compound being more hydrophobic. MS/MS results further confirm that these two 
compounds had different fragments after collision, with the first compound having 
fragments with an m/z of 59, 87, and 421, as compared to fragments of 112, 114, 130 and 
364 for the latter (Figure 5.2d&e). Note that this isomeric information would be buried 
without the previous separation by HPLC. 
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Molecular formula assignments based on non-targeted LC-MS/MS results  
In the MS/MS mode, selected ions are fragmented automatically by the applied 
collision energy. Using targeted tandem MS to obtain detailed structural information of 
certain compounds is common in molecular-level DOM studies. Here we take advantage 
of the high acquisition speed (2 spectra/s, as mentioned above in Methods and Appendix 
C) to do a non-targeted full scan LC-MS/MS analysis of natural DOM. We use the fragment 
information as a holistic method to annotate the DOM molecules based on METLIN 
Metabolites database. This non-targeted LC-MS/MS approach has been reviewed 
extensively in metabolomics studies (Viant and Sommer 2013; Liesenfeld et al. 2013; Gika 
et al. 2014; Rubert et al. 2015), but was applied in DOM analysis only very recently (Petras 
et al. 2017). Additionally, the Molecular Structure Correlator (Version B.07.00) can 
calculate the likelihood of the fragmentation pathway. On average, in ESI+ mode, 176 and 
224 compounds were assigned with a match based on the METLIN Metabolites database 
for riverine and marine samples, respectively. In ESI- mode, 180 and 74 compounds were 
assigned with a match, respectively. The assignment rate based on MS/MS ranged from 
56.4% to 62.5% in ESI+ mode and from 68.4% to 70.4% in ESI- mode. The van Krevelen 
diagrams based on MS/MS data (Figure C7, Appendix C) resemble those generated from 
MS data. From these samples we assembled a database of 89 DOM molecules with holistic 
structures based on non-targeted LC-MS/MS in appendix, and two example molecules are 
further shown in Figure C8 (Appendix C). 
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The 3D size of DOM molecules from IM results: CCS-based characterization 
Currently, ion mobility instrumentation is used mainly for structure-based 
characterization and differentiation of chemical isomers with high resolution, high 
sensitivity, and broad sample compatibility (May and McLean 2015). The existing IM 
database was acquired mainly under ESI+ mode (Tao et al. 2007; Fenn et al. 2009; May et 
al. 2014), so only ESI+ data of natural DOM is shown and discussed here to compare with 
the existing database. Species, m/z, drift time and CCS values of the biomolecules 
standards were obtained from published studies using the same model of IM instrument 
that is calibrated with standards (May et al. 2014). The number of compounds detected 
through IM-MS varies among different samples, but remains quite constant among 
replicates. The average number of features ranged from 46 in Lavaca River 2 (LR2) to 460 
in Lavaca River 1 (LR1) under ESI+ mode (Table C3, Appendix C), and they are about 
one order of magnitude lower than those in MS and MS/MS due to the ion loss during IM. 
The fact that LR1 has the most features detected in IM-MS is consistent with HPLC 
chromatograms, in which LR1 has chromatogram peaks not detected in other samples at 
retention time of ~ 6.4 min and ~ 7.2 min (Figure 5.1). It remains unclear why such a great 
difference in the number of features occurred from the two sites of the same river (Figure 
C1, Appendix C). One possible explanation is that LR2 is on the downstream of LR1, the 
abiotic/biotic modifications during transportation may have caused this change, as the low 
flow is typical for south Texas rivers (Reyna et al. 2017). In addition, the downstream LR2 
is influenced by a major stream branch sourced from Lake Texana from north, so the 
difference on the features between LR1 and LR2 is not surprising. Of the 266 compounds 
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in marine sample, 180 and 76 were assigned with a formula with MS and MS/MS, 
respectively. For riverine samples, the number varied from 27 to 293 with MS, and 4 to 20 
with MS/MS (Table C3, Appendix C). The van Krevelen diagrams based on IM-MS data 
in ESI+ mode (Figure C9, Appendix C) again assemble those generated from MS data and 
MS/MS data. 
IM separations are based on the ion’s interaction with neutral buffer gas, which is 
proportional to “apparent ion surface area” (Fenn et al. 2009). When coupled with MS, IM 
can provide gas-phase separations in one dimension on the basis of structure, and a second 
dimension on the m/z value. The CCS data of standard biomolecules and 
tetraalkylammonium were acquired from published database (May et al. 2014). As shown 
by the CCS vs. m/z diagram (Figure 5.3), CCS increases with an increasing m/z. For 
standard biomolecules, the CCS value at a particular m/z increases in the order of 
carbohydrates < peptides < lipids < tetraalkylammonium (TAA) salts. The lower CCS 
values of carbohydrates and peptides show high efficiency of gas-phase packing due to 
their higher degrees of freedom in structures. In contrast, lipids exhibit the largest CCS 
values among biomolecules mainly due to their inability to form compact, self-solvated 
structures in the gas phase (May et al. 2014). TAA salts have the highest CCS values in the 
database because of the strong intramolecular repelling force between the positively 
charged alkyl groups.  
Natural DOM showed the same trend in the CCS-m/z relationship: the CCS 
increased with m/z (Pearson correlation; t = 95.005; df = 3851; p < 0.01). The correlations 
between CCS and m/z in both standard biomolecules and natural DOM are depicted 
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adequately by a power-law relationship (for DOM: y = 21.99x0.35, R2 = 0.7010). The 
exponent of 0.35 for natural DOM is smaller than the exponents of biomolecules (0.55 for 
peptides, 0.47 for carbohydrates, and 0.60 for lipids; May et al. 2014), suggesting that CCS 
of natural DOM is small compared with biomolecules of the same molecular weight (e.g., 
comparing with carbohydrates: t = 18.169; df = 3974; p < 0.01). The difference of CCS 
between natural DOM and biomolecules becomes more apparent as molecular weight 
increases (Figure 5.3), implying that the change of CCS is less sensitive to molecular size 
in natural DOM. This result indicates that natural DOM compound structures are often 
more compact than biomolecules. This observation may result from abiotic and biotic 
modification of DOM during environmental degradation processes, assuming that they 
originated from biomolecules. Furthermore, the fact that natural DOM possesses different 
CCS values from biopolymers concurs with the MS findings in this work and other studies 
(Hertkorn et al. 2002, 2007, 2008; Dittmar and Kattner 2003), in which only few 
compositions of natural DOM can be attributed to known biopolymers. Note that the 
molecule geometric conformation as CCS value was derived in gas phase, and it may 
change in aqueous phase where natural DOM exists. However, since all the molecules were 
compared under the same conditions, the conformation differences among different 
molecules observed in gas phase should be consistent in aqueous phase (Tobias and Brooks 
1992; Chipot et al. 1996; Hanus et al. 2004).   
Statistical analyses show that within DOM molecules, CCS values are correlated 
positively with H/C (R2 = 0.0017, Pearson correlation; Table C4, Appendix C) and O/C 
(R2 = 0.018, Pearson correlation; Table C4, Appendix C), but negatively with N/C (R2 = 
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0.0511, Pearson correlation; Table C4, Appendix C). The positive relationship between 
CCS and O/C within DOM molecules suggests that with CCS values increase, DOM 
molecules become degraded (O/C increases). Degraded DOM molecules have lower 
degree of freedom in their structure, which results in an increased CCS value. Thus, CCS 
values may characterize the oxidation and degradation level of natural DOM. Note that 
although statistically significant, the correlation between O/C ratio and CCS is weak. 
Further studies to investigate CCS changes among more DOM samples or through 
laboratory incubations are needed. 
As mentioned above, a database containing 89 compounds, covering the annotated 
compounds from river and coastal regions, was established with our developed protocol, 
based on respective results from LC-MS, MS/MS, and IM-MS (Appendix C). This 
database contains multidimensional information on natural DOM, including retention 
times from LC, m/z from MS, CCS from IM-MS, and possible formula and structures based 
on MS/MS. This database provides a platform to seek specific DOM compounds, and will 
expand as more natural DOM samples are analyzed from other fresh and saline waters.  
Isomers in DOM molecules from the IM results 
Besides separating natural DOM molecules on the basis of structure, IM Q-TOF 
LC/MS helps elucidate the “unknown structural isomers” (Dittmar 2015) of DOM. The 
resolution of IM-MS is high enough to separate isomers with subtle changes in structure 
(Dwivedi et al. 2007; Zhu et al. 2009). For instance, Methyl-α-Glucopyranosides (α-
MeGlc; Figure 5.4a) and Methyl-β-Glucopyranosides (β-MeGlc; Figure 5.4b) were 
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separated by IM with a difference of 0.47 ms in drift time (Dwivedi et al. 2007), while 
tertrasaccharide alditols cellobiitol (Glcβ1-4 Glcβ1-4 Glcβ1-4 Glc-ol; Figure 5.4c) and 
maltotetraitol (Glcα1-4 Glcα1-4 Glcα1-4 Glc-ol; Figure 5.4d) were separated with a 
difference of as much as 1.20 ms (Zhu et al. 2009). We show two typical examples of 
isomers detected in our DOM samples: (1) The m/z value of 249.1556 (± 1.5 ppm) clearly 
includes at least two isomers (Figure 5.4e), with drift times of 29.30 ms and 22.94 ms, 
respectively; (2) Compounds 340.2571 (± 0.3 ppm) have at least two isomers as shown in 
the drift time diagram (Figure 5.4f), with drift times of 21.11 ms and 24.31 ms, 
respectively. Structural isomers have the same elemental composition and very close 
elution times in HPLC. Even though many isomers, including enantiomers, can be 
separated via different combinations of columns and mobile phases, differentiating isomers 
in natural DOM samples by traditional MS and tandem MS methods is still quite 
challenging, if possible. The IM-MS offers a novel way of identifying DOM isomers as 
they have different drift times and CCS values. 
From our IM-MS measurement, the percentage of compounds possessing isomers 
(defined as isomer percentage) for DOM in fresh and coastal waters remain relatively 
constant among different river samples, ranging from 4.7% to 12.3% under ESI+ mode, 
and from 6.4% to 13.1% under ESI- mode (Table 1), with the average percentage at about 
10%. The highest isomer percentage under positive mode occurred in San Antonio River 
1 (SR1) samples, while under negative mode it was found in Aransas River (AR) samples. 
Overall, ten percent of DOM molecules have at least one isomer (the largest isomer number 
is four). The isomer percentage calculated here is much lower than previous modelling 
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results (Hertkorn et al. 2008; Dittmar and Stubbins 2014; Zark et al. 2017). Moreover, the 
multiple-peak distribution of drift time peaks (Figure 5.4e and 5.4f) further suggests that 
the total number of isomers is far from the theoretical maximum value for every formula, 
since a large number of isomers tend to form one mono-peak Gaussian distribution in drift 
time. Also, the number of isomers (in form of CCS values) of a given molecule does not 
exponentially increase with increasing molecular weights (Figure 5.3), which otherwise 
would be expected if there are no constrains on isomer existence (Hertkorn et al. 2007; 
Dittmar and Stubbins 2014). Another important implication of the reported isomer 
percentage is that the total number of DOM molecules may not be high enough for the 
concentration of each individual molecule to reach the minimum threshold as claimed, 
which is the basis of so-called “dilution hypothesis” (Hertkorn et al. 2008; Dittmar and 
Stubbins 2014; Dittmar 2015; Arrieta et al. 2015).  
However, the IM may not resolve all the isomers in DOM samples. Current 
resolving power of available IM instrument generally ranges from 50 to 100, and >100 
resolving power is rarely reported (Dodds et al. 2017b). A similar system (LC-ESI-IM-
TOF-MS) was capable of resolving over 70% of the constitutional isomers from a 4000-
peptide mixture (Srebalus Barnes et al. 2002). A more recent study has reported that with 
a resolving power of 60, IM-MS alone (without LC) resolved over 30% of the isomers of 
leucine (C6H13NO2), with most constitutional isomers (i.e., ethyl ester vs. tertleucine vs. 
norleucine) resolvable, but some diastereomers (i.e., L-allo-isoleucine vs. L-isoleucine) 
and most enantiomers (L-leucine vs. D-leucine and L-isoleucine vs. D-isoleucine) 
unresolvable (Dodds et al. 2017a). Nevertheless, our IM-MS result clearly demonstrates 
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that, in contrast to what modelling studies hypothesized, the number of isomers is lower 
than modelled in DOM molecules. While more work is needed to reconcile the discrepancy 
between our measurement and modelling data, this dataset provides the first quantitative 
information about DOM isomers based on actual measurements, and it opens a new 
direction in molecular-level DOM analysis. 
IMPLICATION 
This work shows that the IM Q-TOF LC/MS provides a multi-dimensional 
approach to annotate natural DOM, by combining HPLC, MS, tandem MS and ion 
mobility. With IM in the system, geometric conformation of DOM molecules is introduced 
into molecular-level analysis, and a direct measurement of isomers in natural DOM is 
achieved for the first time. Our data show that natural DOM molecules from several south 
Texas rivers and coastal waters are more compacted than standard biomolecules, and that 
higher oxidation state results in larger geometric conformation of DOM molecules. 
Moreover, of all DOM molecules resolved within the detection limit of IM-MS, from 4.7% 
to 12.3% under ESI+ mode, and from 6.4% to 13.1% under ESI- mode, respectively, had 
at least one isomer. The isomer percentage measured in this study is much lower than that 
reported in previous modelling efforts. A database containing 89 compounds was 
established with multidimensional information, including retention times, molecular 
weight, possible formulas and structures based on MS/MS, CCS, and isomeric information. 
This database provides a foundation to be further expanded, or compared, with data from 
different seasons and locations. We expect this preliminary study to serve as a “first spark” 
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to provoke other studies leading to new advancements on elusive organic compound 
identifications in natural DOM samples. The unique ability of IM-MS to separate isomers 
will increase our understanding of the complex structure of DOM and its interactions with 
light, natural ions, and/or contaminants in natural environments. 
  
 115 
Table 5.1. Isomer percentages for different samples 
Sites ESI+ ESI- 
Ship Channel 7.5 ± 0.1 % 6.4 ± 2.3 % 
Aransas River 9.8 ± 0.2 % 13.1 ± 2.2 % 
Lavaca River 1 9.8 ± 0.2 % 7.2 ± 1.8 % 
Lavaca River 2 4.7 ± 2.3 % 9.4 ± 0.3 % 
Mission River 10.2 ± 0.7 % 7.2 ± 2.16 % 
Nueces Dam 10.2 ± 0.4 % 9.1 ± 2.5 % 
San Antonio River 1 12.3 ± 1.6 % 10.0 ± 0.7 % 




Figure 5.1. Chromatograms of LC retention time vs. ion intensity under ESI+ mode. 
Different fractions (F1-F5) are determined based on the mobile phase (see 
the main text) and the distribution of chromatographic peaks. (a) Riverine 
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― Aransas River (AR)
― Nueces Dam (DAM)
― Mission River (MR)
― Lavaca River 1 (LR1)
― Lavaca River 2 (LR2)
― San Antonio River 1 (SR1)























Figure 5.2. Chromatograms and spectra for ion 437.1943 (m/z). (a) Chromatogram of 
compounds with different elution times (Green: elution time 11.3 min; 
Yellow: elution time 18.5 min). (b) Parent ion spectrum of 437.1943 at 11.3 
min. (c) Parent ion spectrum of 437.1943 at 18.5 min. (d) Product ions 
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Figure 5.3. Scatter plot of CCS (Ω) vs. m/z. Squares represent published standard 
biomolecules (tetraalkylammonium salt cations, carbohydrates, peptides and 
lipids May et al. 2014). CCS generally increases with an increasing m/z for 
biomolecules, and the relationship can fit with a power-law function. 
Natural DOM showed the same trend in the CCS-m/z relationship but 
possess lower CCS values compared to the standard biomolecules given the 































San Antonio River 1
San Antonio River 2
Figure 3
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Figure 5.4. (a) Methyl-α-Glucopyranosides (α-MeGlc).(Dwivedi et al. 2007) (b) Methyl-
β-Glucopyranosides (β-MeGlc).(Dwivedi et al. 2007) (c) alditols cellobiitol 
(Glcβ1-4 Glcβ1-4 Glcβ1-4 Glc-ol).(Zhu et al. 2009) (d) maltotetraitol 
(Glcα1-4 Glcα1-4 Glcα1-4 Glc-ol).(Zhu et al. 2009) (e) Compounds 
249.1556 (± 1.5 ppm) shows two isomers with drift times of 29.3 ms and 
22.94 ms. (f) Compounds 340.2571 (± 0.3 ppm) shows two isomers with 





(a): Methyl-α-Glucopyranosides (α-MeGlc) 
(b): Methyl-β-Glucopyranosides (β-MeGlc) 
(d): alditols cellobiitol (Glcβ1-4 Glcβ1-4 Glcβ1-4 Glc-ol) (c): maltotetraitol (Glcα1-4 Glcα1-4 Glcα1-4 Glc-ol) 
Figure 4
 120 
Chapter 6. Conclusions and implications 
In this dissertation, we investigated the cycling, formation, and characterization of 
DON following an order of decreasing lability from labile small molecules such us urea 
and peptide to natural uncharacterized DON. The cycling of urea, the long-term fate of 
peptide, and the molecular-level information on previously uncharacterized DON are 
discussed in detail. 
We conducted a series of microcosm incubations in 2014 and 2015 to study urea 
cycling the Lake Taihu and how it interacts with Microcystis spp. during CyanoHABs 
(Chapter 2). Our data showed that lake bacterial consortium uses urea and urea can support 
the growth of pure Microcystis culture at a rate comparable to NH4+. A diel pattern in urea 
metabolism was recognized previously (Solomon et al. 2010a). We demonstrate that the 
diel pattern in urea metabolism is not only reflected by the cycling rate of urea (higher 
cycling rates under natural irradiation), but also in the fate of urea, with a higher fraction 
of the removed urea recovered as NH4+ under dark conditions. We further demonstrate that 
the direct role of Microcystis in urea cycling is not as important as that of heterotrophic 
bacteria associated with the bloom, even though Microcystis is the dominant cyanobacteria 
species in the bloom. Overall, this chapter provides insights into urea dynamics in Lake 
Taihu labile DON cycling, and further addressed the relationship between urea and 
CyanoHABs. It potentially emphasizes that urea’s role in CyanoHABs is likely indirect. 
The result from this study can be applied in other eutrophic or hypereutrophic lakes (i.e., 
Lake Erie in North America, Lake Victoria in Africa, etc.) for future CyanoHABs control. 
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In the following chapters, we studied the cycling of labile DON and the formation 
of semi-labile and refractory DON in controlled incubation experiments (amino acids and 
peptide; Chapter 4). A holistic analytical method of 15N in different forms is developed to 
quantitatively determine the fate of N throughout the incubation (Chapter 3). Our data 
shows that peptide was degraded faster in hypoxic water than in oxic water, indicating that 
hypoxia is not a simple intermediate between oxic and anoxic conditions when 
investigating the degradation of organic matter. The faster degradation rate of peptide in 
low-oxygen water documented previously (Liu et al. 2013), corresponded directly to the 
fast-growing bacteria, such as Roseobacter (Liu et al. 2013; Liu and Liu 2016). Our data 
further estimated the long-term fate of amino acid N and peptide N by quantifying the 
different forms (NH4+, NOx-, PON, and DON) of N. Surprisingly, only a small fraction of 
the peptide N was transferred to inorganic form (NH4+ and NOx) when using AVFA as the 
incubation substrate, while a large proportion of the peptide N (over 40% in bottom water 
and over 60% in surface water) stays as uncharacterized DON (not peptide or amino acid), 
persisting at least one month. On the other hand, when alanine was used as incubation 
substrate, DIN was the dominant form of N throughout the incubation (over 80% spiked N 
in NOx). It remains unclear what caused the difference in the fate of N. One explanation is 
the presence of specific amino acids such as Val and Phe may have affected the production 
of new DON, as Phe and Val may possess a different metabolism pathways compared with 
Ala (Amano et al. 1982). We speculate that small peptide-like structure with certain amino 
acids (i.e., Phe and Val) may be important precursors of the refractory N-methyl amines 
and amides in DON, but further work is needed to test this hypothesis. Characterizing and 
 122 
determining the fate of N is always challenging due to the analytical challenges mentioned 
above, yet the long-term fate of N is particularly important in DON research, as it serves 
as a bridge connecting two extremes (labile and refractory) in DON. These two chapters 
(Chapter 3 and 4) together introduce a simple but efficient holistic method for DON 
analysis and also provide preliminary but intriguing insights into the formation mechanism 
of unidentified semi-labile DON through controlled incubation.  
In Chapter 5, we took a further step into the unidentified extreme of DOM and DON 
by introducing the geometric conformation of DOM molecules into its molecular-level 
characterization. With the combination of HPLC, MS, tandem MS and ion mobility, a 
multi-dimensional characterization of natural DOM was achieved by the IM Q-TOF 
LC/MS. The IM provides geometric information on natural DOM, and a direct quantitative 
measurement of isomers in natural DOM is made for the first time. IM data shows that 
biomolecules such as carbohydrate, peptide and lipid, and natural DOM molecules have a 
more compact geometric conformation in natural DOM than in pure compounds, as 
reflected by their smaller CCS values. Of all DOM molecules resolved within the detection 
limit of IM-MS, ca. 10% had at least one isomer. However, the percentages of isomer 
measured in this study were much lower than predicted by modelling results. The fact that 
a trend of increasing isomer abundance with increasing molecular weight was not detected 
further contradicts with the isomer abundance estimated by modelling efforts. In other 
words, the number of isomers present in natural DOM may not be sufficient to support the 
dilution hypothesis, in which researchers have argued that with a huge number of isomers 
the concentration of each molecule is too low to allow utilization by bacteria (Arrieta et al. 
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2015). The work presented in this chapter not only introduces a new dimension into the 
molecular-level characterization of natural DOM, but also provides insights into the long-
term stability of DOM in aquatic systems. 
To summarize our work, this dissertation provides systematic studies of DON, 
covering the dynamic of labile DON, transformation from labile DON to semi-labile DON, 
long-term fate of DON, and molecular-level information of DON. Fate of labile DON, 
which has not been studied extensively, was revealed with a 15N technique. Geometric 
conformation and the isomeric information on natural DOM and DON are introduced into 
DOM studies in a quantitative manner. The new information provided in this dissertation 
potentially opens a new dimension in future DON studies. Therefore, the dissertation 
presented here has laid a solid foundation for future studies. Some future directions or 
questions related to our study may include: 
1. Unique quantitative measurements of DOM and DON isomers are 
introduced into studies of DOC and DON. In Chapter 5 we focused on 
several south Texas Rivers and a central coastal GOM region. More studies, 
across different temporal and spatial scales, are necessary to explore these 
new dimensions of information further and address new questions. For 
example, does seasonality affect the geometric conformation and isomeric 
property of natural DOM? How would geometric conformation and isomer 
percentage of natural DOM change following a freshwater-ocean transect, 
and a depth profile? Does DOM in the deep ocean possess a higher isomer 
percentage? Samples of natural DOM from south Texas rivers across 
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different seasons were collected. Also collected are samples following a 
transect of: (1) Atchafalaya River to open GOM; (2) Mississippi River to 
open GOM; (3) several depth-profiles in open GOM. Future studies will be 
focused on the analysis of these samples, and other samples across different 
temporal and spatial scales. Data produced can also be used to expand the 
database mentioned in Chapter 5.  
2. With the multi-dimension technique, we have annotated some interesting 
compounds in natural DOM in molecular level through MS and MS/MS. 
One of them appears as a tri-peptide not documented previously. Further 
studies are needed to further confirm the presence of these particular 
compounds by comparing with known standards. Subsequent studies to 
quantify the concentrations and even to trace the source of the present 
compounds are necessary if their presences are confirmed. This study would 
be among the first few that identify and quantify specific compounds in 
natural environment. When combined with controlled incubation 
experiments, this work will provide further insight into the formation of 
refractory DOM and DON.   
3. Geometric conformation of natural DOM should be explored further. For 
instance, computational chemistry can estimate the structure of a specific 
molecule given its exact molecular weight (from MS), fragmentation 
patterns (from MS/MS), and CCS values (from IM). This idea was tested 
with a few compounds but larger systematic studies are needed. 
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4. Our peptide incubation experiment shows that, in contrast to C, a 
considerable fraction of labile DON is converted into uncharacterized DON 
at the end of month-long incubation. Converted DON is defined as 
“uncharacterizable” because they are not peptides or amino acids. However, 
molecular-level information of these DOM and DON molecules can be 
obtained with the application of IM Q-TOF LC/MS. With the combination 
of controlled incubation and state-of-art LC-MS, we can further investigate 
the content of DON compounds produced from the incubation. 
Furthermore, we can explore how DOM and DON change before and after 
incubation, and how these changes are related to the change in bacteria 
community. Previous studies of the changes of DOM communities 
throughout the incubation appears to be controversial but important. DOM 
diversity decreases as incubation proceeds, however the communities 
sometimes become more diverse, supporting the dilution hypothesis (as 
community becomes diversified, concentration of each molecule becomes 
diluted). IM function, helps define how isomers of natural DOM change. 
Samples were already collected from: (1) an incubation with the substrate 






APPENDIX A. SUPPORTING INFORMATION ON UREA DYNAMICS DURING LAKE TAIHU 
CYANOBACTERIAL BLOOMS IN CHINA 
Figure A1. Change of 15NH4+ with time at Station 1 (A), Station 3 (B), Station 7 (C) and 






Figure A2. Bacterial fluorometry images with SSC-H (cell size; x axis) vs FL1-H (green 
fluorescence; y axis) during incubations at Station 1 (A), Station 3 (B), 
Station 7 (C), Station 10 (D). The images show that bacterial population, 
represented by DNA content, remained relatively unchanged for incubations 
at Station 1. At Station 3, however, distinct bacterial populations with higher 
DNA content developed in the surface water as incubations proceeded. For 
the long incubation, bacterial population stayed relatively unchanged for 
incubations at Station 7, but the DNA content of the bacterial population 
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Figure A3. Bacterial community structure (genus level) for incubations conducted at 
Stations 7 and 10 during the 2014 microcosm incubations (only 0h, 47h, and 
335h samples were chosen for bacterial community analysis). Genus 




Figure A4. Principle Coordinates Analysis (PCoA) on the bacterial genus data. PC1 
explains about 48% of the data variance and PC2 30%. Surface light 
treatments (0h, 47h, 335h) at Station 7, surface dark treatment (0h) at 
Station 7, bottom treatments (0h, 47h, 335h) at Station 7, surface light 
treatments (0h, 47h) at Station 10, surface dark treatment (0h, 47h, 335h) at 
Station 10, and bottom treatments (0h, 47h, 335h) at Station 10 were 
grouped together, indicating that these samples have similar bacterial 
community structure. Surface dark treatments (47h, 335h) at Station 7, and 
surface light treatment (335h) at Station 10 were isolated, indicating that 
their bacterial community is different. The fact that surface dark treatment 
(335h) at Station 7 and surface light treatment (335h) at Station 10 were 
grouped together further indicates that the similarity of bacterial community. 
Overall, PCoA suggests that drastic changes occured in the surface dark 




Figure A5. Heat map was constructed using the community data from the 2014 
incubation, in which the correlations between Microcystis abundance and 
15NH4+ (NH4+ originated from the spiked 15N-urea) as well as NH4+-15N: 
removed urea-15N ratio are not significant (Pearson correlation; p = 0.148 
and 0.5266, respectively). Heterotrophic bacteria Actinobacteria, 
Proteobacteria, and Deinococcus-Thermus were correlated significantly to 
the NH4+-15N: removed urea-15N ratio (Pearson correlation; Actinobacteria, 
p = 0.03943; Deinococcus-Thermus, p = 0.02199), indicating that 
heterotrophic bacteria are crucial in the urea metabolism in Lake Taihu.  
 
  
Figure S5: Heat map of community structure vs. urea data  
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Table A1. Cell abundance in 2015 pure Microcystis incubation 
Treatments Cell Abundance (× 10
9 cells L-1) 
T0 (0h) T1 (24h) 
Filtered Lake Water + 
Microcystis + 15NH4+ Light 
2.87 ± 0.35 3.52 ± 0.02 
Filtered Lake Water + 
Microcystis + 15NH4+ Dark 
2.61 ± 0.02 3.10 ± 0.16 
Filtered Lake Water + 
Microcystis + 15N-Urea 
Light 
3.49 ± 0.18 4.38 ± 0.07 
Filtered Lake Water + 
Microcystis + 15N-Urea 
Dark 
3.20 ± 0.62 4.79 ± 0.07 
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APPENDIX B. USING 15N LABELED PEPTIDE TO TRACE THE FATES OF NITROGEN AFTER 
DEGRADATION AND THE FORMATION OF DISSOLVED ORGANIC NITROGEN IN COASTAL 
SEAWATER 
Figure B1. THAA concentration in 2016 AVFA incubation experiment. (A) Surface 




Figure B2. Concentrations of individual amino acids in 2016 AVFA incubation 
experiment. (A) Total concentrations of Ala + Val + Phe; (B) Concentration 
of Ala; (C) Concentration of Val; (D) Concentration of Phe. 
 




APPENDIX C. MOLECULAR STRUCTURE CHARACTERIZATION OF RIVERINE AND 
COASTAL DISSOLVED ORGANIC MATTER WITH ION MOBILITY QUADRUPOLE TIME OF 
FLIGHT LCMS (IM Q-TOF LCMS) 
 
This supporting information includes:  
- 2 pages of supporting methods and discussion 
o Instrumentation details  
o Acquisition settings for MS, untargeted MS/MS, and IM-MS 
o Criteria for formula assignment 
- 4 tables 
o Elemental composition from different samples in different ESI 
modes (Table C1) 
o Elemental composition at different retention times in different ESI 
modes (Table C2) 
o Number of features detected in IM-MS under ESI+ mode (Table C3) 
o Correlations between CCS and elemental composition (Table C4) 
- 9 figures 
o Sampling sites (Figure C1) 
o Schematic instrumentation figure (Figure C2) 
o Chromatograms of LC retention time vs. ion intensity under ESI- 
mode (Figure C3) 
o van Krevelen diagrams of ESI+ and ESI- modes based on LC-MS 
result (Figure C4) 
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o van Krevelen diagram based on retention time in ESI+ mode (Figure 
C5) 
o van Krevelen diagram based on retention time in ESI- mode (Figure 
C6) 
o van Krevelen diagrams of ESI+ and ESI- modes based on LC-
MS/MS result (Figure C7) 
o Two examples from non-targeted LC-MS/MS results (Figure C8) 




Instrumentation details.  
As shown schematically (Figure C2), a drift tube is coupled to a quadrupole time-
of-flight mass spectrometer with an orthogonal electrospray ionization (ESI) source 
(Agilent 6560 IM Q-TOF LCMS). A heated sheath gas nebulizer is incorporated to focus 
and desolvate ions prior to introduction into the vacuum system.(May et al. 2014) Ions 
from the ESI are introduced to a single-bore glass capillary tube. Upon exiting the capillary 
tube, ions are enriched in the high-pressure front funnel and excess gas is removed. The 
continuous ion beam is converted into a pulsed ion beam by the discrete release function 
in trapping funnel, prior to ion mobility separation. Ion mobility separation occurs in a 78-
cm uniform field drift tube with high purity N2 as the buffer gas. Ions traverse the drift tube 
under a weak electric field (10 to 20 V·cm-1)(May et al. 2014) to ensure that mobility of 
ions depends solely on their structures and interactions with the buffer gas. The estimated 
resolving power of ion mobility exceeds 60.(May et al. 2014) Ions exiting the drift region 
are refocused by the rear ion funnel into a narrower beam before entering the optics of the 
mass spectrometer, which incorporates a quadrupole mass filter and collision cell to enable 
mass-selective ion fragmentation experiments. The TOF MS alone has resolving power 
greater than 40 000 at m/z of 1200,(May et al. 2014) and the whole instrument IM Q-TOF 
LC/MS can be up to 2 000 000 at m/z of 300. 
 
MS data acquisition.  
The orthogonal electrospray ionization source (Dual Agilent Jet Stream ESI) was 
operated with N2 sheath gas temperature of 350 °C at a flow rate of 12 L min-1. N2 drying 
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gas applied at the source entrance was heated to 225 °C, and maintained at a flow rate of 
13 L min-1 with a nebulizer pressure of 45 psig. The source operated in positive mode with 
3500 V VCap voltage, and 0 V nozzle voltage. Q-TOF operated in positive ion polarity in 
MS mode, with an MS mass range of 70-1200 m/z, an acquisition rate of 1 spectrum/s, and 
an acquisition time of 1000 ms/spectrum. Reference masses of 121.050873 and 
922.009798 (Agilent Tuning Mix) were used for mass calibration.  
The ion source for ESI- mode was also the Dual AJS ESI. Sheath gas parameters 
were the same as described in ESI+ mode. Drying gas, however, was heated to 225 °C, 
with a flow rate of 5 L min-1 and nebulizer pressure of 20 psig. The source operated in 
negative mode with 3500 V VCap voltage, and 2000 V nozzle voltage. QTOF settings of 
ESI- mode resembled those of ESI+ mode, except that QTOF was operated under negative 
ion polarity, with reference masses of 112.985587 and 1033.988109 (Agilent Tuning Mix). 
 
Non-targeted MS/MS data acquisition.  
Collision Induced Dissociation (CID) data were acquired for both ESI+ and ESI- 
modes. For ESI+ mode, Q-TOF was set to positive ion polarity and Auto MS/MS mode, 
with an MS mass range of 100-1200 m/z, and an MS/MS mass range of 50-1200 m/z. The 
MS acquisition rate was 4 spectra/s, and acquisition time was 250 ms/spectrum. The 
MS/MS acquisition rate was 2 spectra/s, and acquisition time was 500 ms/spectrum. 
Collision energy for ESI+ mode was 30 V. The threshold to trigger MS/MS was at least 
2000 counts for the precursor ion. Active Exclusion excluded the ion after 2 spectra. Rather 
than auto MS/MS, a preferred ID list containing the information of compounds m/z and 
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retention time was created to guide each sample run in MS/MS based on its MS result, and 
was imported in parameters settings to achieve optimal MS/MS results. Compounds 
detected in MS/MS mode are not limited to the ones in preferred ID list. Other settings of 
MS/MS, i.e. LC settings, ion source settings and reference ions, followed those of ESI+ 
MS. For ESI- mode, the Q-TOF was operated under negative ion polarity and in Auto 
MS/MS mode. Settings for ESI- MS/MS followed those of ESI+, except for the precursor 
threshold set at 6000, and the collision energy at 40 V. Other settings of ESI- MS/MS 
followed those of ESI- MS.   
 
IM-MS data acquisition.  
For ESI+ mode, Q-TOF operated under IM-QTOF Acquisition mode. General 
parameters of IM followed those described in ESI+ MS. Default voltages were the funnel 
parameters. For ESI- mode, general parameters of IM followed those described for ESI- 
MS above. Most IM specific funnel parameters were default voltages except for a few 
modifications: high pressure funnel RF -150 V, trap funnel RF -125 V, trap entrance grid 
delta -4 V, trap exit grid 1 delta -6 V, trap exit grid 2 delta -12 V, drift tube entrance voltage 
-1500 V, and rear funnel RF -100 V. 
 
Criteria for formula assignment: isotopic spacing and abundance. 
The isotopic spacing and abundance for each assigned formula were considered 
automatically with the built-in software. In particular, for a singularly charged compound 
with a m/z of M, peaks with m/z of M+1.003355 (containing one 13C) and M+2.00671 
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(containing two 13C) were investigated to check if it is possible for the computed formula 
to have one and two 13C contained isotopic compounds with the observed abundance. The 
final score for the generated formula is a combination of 100% of the mass score, 60% of 
the isotope abundance score, and 50% of the isotope spacing score. Unable to meet the 
isotopic criteria, i.e., higher abundance than the calculated value or absence of isotopic 
peak, will penalize the final formula score. Any formula with a score lower than the preset 
minimum threshold (score=60) was excluded. 
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Table C1. Elemental composition from different samples in different ESI modes 
 ESI+ ESI- 
 H/C O/C N/C H/C O/C N/C 
Ship Channel 1.5880 0.1882 0.0710 1.3056 0.2903 0.0780 
Aransas River 1.4926 0.2652 0.0891 1.2616 0.2778 0.0721 
Nueces Dam 1.4533 0.2635 0.0868 1.2628 0.2824 0.0719 
Lavaca River 1 1.4907 0.2628 0.0900 1.3175 0.2700 0.0654 
Lavaca River 2 1.4826 0.2630 0.0897 1.2002 0.2978 0.0704 
Mission River 1.4826 0.2631 0.0906 1.2437 0.2884 0.0696 
San Antonio River 1 1.4751 0.2718 0.0902 1.2338 0.2902 0.0692 
San Antonio River 2 1.4790 0.2699 0.0905 1.3047 0.2719 0.0706 
 
Table C2. Elemental composition at different retention times in different ESI modes 
 ESI+  ESI- 
 H/C O/C N/C  H/C O/C N/C 
F1: 0.0-3.0 
min 
1.4125 0.2332 0.1582 F1: 0.0-3.0 
min 
1.5054 0.3259 0.0364 
F2: 3.0-9.0 
min 
1.4160 0.2510 0.0845 F2: 3.0-9.0 
min 
1.1906 0.2885 0.0773 
F3: 9.0-15.0 
min 
1.4833 0.2888 0.0993 F3: 9.0-15.0 
min 
1.3096 0.2827 0.0678 
F4: 15.0-20.0 
min 
1.6556 0.1861 0.0623 F4: 15.0-20.0 
min 
1.4053 0.2528 0.0444 
F5: 20.0-21.0 
min 
1.7632 0.1289 0.0533 F5: 20.0-21.0 
min 
















Ship Channel 266 149 76 
Aransas River 230 158 13 
Nueces Dam 216 133 16 
Lavaca River 1 460 293 20 
Lavaca River 2 46 27 4 
Mission River 215 133 14 
San Antonio River 
1 249 152 14 
San Antonio River 
2 248 167 13 
 
 
Table C4. Correlations between CCS and elemental composition (Pearson) 
 CCS vs. H/C CCS vs. O/C CCS vs. N/C 
t 2.4133 6.3825 -13.568 
df 3420 3420 3420 
p 1.59×10-2 1.98×10-10 2.20×10-16 
R2 0.0017 0.0118 0.0511 
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Figure C1. Sampling sites. Samples from 7 sites in five south Texas rivers (Aransas 
River, AR: N 28.13°, W 97.43°; Lavaca River 1, LR1: N 28.96°, W 96.68°; 
Lavaca River 2, LR2: N 28.83°, W 96.58°; Mission River, MR: N 28.29°, 
W 97.28°; Nueces Dam, DAM: N 27.88°, W 97.63°; San Antonio River 1, 
SR1: N 28.53°, W 97.04°; San Antonio River 2, SR2: N 28.48°, W 96.86°) 
were collected in May 2016 using a 2-L Van Dorn sampler. Samples from 
the Marine Ship Channel (SC: N 27.84°, W 97.05°) connected to the open 




Figure C2. A representative schematic of the IM Q-TOF LC/MS with significant 
components annotated. In ion mobility drift tube, ions with larger CCS are 
delayed more easily than smaller ones due to their higher number of 
collisions with the buffer gas molecules. Separated ions will then go through 

















Ion Mobility Drift Tube Q-TOF MS
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Figure C3. Chromatograms of LC retention time vs. ion intensity under ESI- mode. 
Different fractions (F1-F5) are determined based on the mobile phase (see 
the main text) and the distribution of chromatographic peaks. (a) Riverine 
samples under ESI- mode; (b) Ship Channel under ESI- mode. Note that the 
ion intensity of the Ship Channel sample is one order of magnitude higher 
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Figure C4. van Krevelen diagram showing all detected molecular formulas by their H/C 
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Figure C5. van Krevelen diagram based on retention time in ESI+ mode. Different 
fractions (F1-F5) are determined based on the mobile phase (see the main 
text) and the distribution of chromatographic peaks (Figure 5.3). (a) Overlay 
of the consolidated ions: 0.0-3.0 min (blue), 3.0-9.0 min (orange), 9.0-15.0 
min (grey), 15.0-20.0 min (yellow), and 20.0-21.0 min (light blue). (b) Ions 


















































































Figure C6. van Krevelen diagram based on retention time in ESI- mode. Different 
fractions (F1-F5) are determined based on the mobile phase (see the main 
text) and the distribution of chromatographic peaks (Figure C2). (a) Overlay 
of the consolidated ions: 0.0-1.0 min (blue), 1.0-2.6 min (orange), 2.6-4.6 
min (grey), 4.6-6.2 min (yellow), and 6.2-10.0 min (light blue). (b) Ions 


















































































Figure C7. van Krevelen diagram showing the overlay of the consolidated ions from 
different sampling sites based on MS/MS data: Aransas River (blue), 
Nueces Dam (orange), Lavaca River 1 (grey), Lavaca River 2 (yellow), 
Mission River (light blue), San Antonio River 1 (green), San Antonio River 
2 (dark blue), and Ship Channel (brown). (a) van Krevelen diagram in ESI+ 
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Figure C8. Two examples presented here show the structural information gained from non-targeted MS/MS results. (a) 
Compound from marine DOM sample at 6.6 min in ESI+ mode with a m/z at 340. Product ions spectrum 
showed that the most abundant fragment of 340 m/z was at 100.1120 m/z, along with several small 
fragments below 100 m/z, leading to the aliphatic structure as a reasonable choice. From the fragmentation 
pattern, we speculated that the compound may be a tri-leucine like compound (with the loss of a neutral 
H2O). (b) Compound from AR, DAM, LR1, LR2, SR1, SR2 and marine samples at around 6.0 min in ESI- 
mode with a m/z at 311. Largest fragment ion after collision occurred at 183.0110 m/z, identified by the 
software as benzenesulfonic acid. The presence of fragment 79.9572 m/z, which is likely a sulfuric group, 
supports the speculation of a benzenesulfonic group. Also, the fact that not many fragments occurred 
between 80 m/z and 170 m/z indicates the presence of a rigid structure that is difficult to break, making a 
benzene group a likely possibility. The aliphatic structure is confirmed further by the presence of a series of 
compounds differing from 311 m/z in mass by 14 m/z (data not shown), indicating the presence of alkyl 
chain like structure. Note that the structure shown here is likely not the exact structure of compound 311 
m/z, since many possible structures exist for the alkyl chain. Nonetheless, this approach offers further 
structural information about the DOM molecules beyond elemental composition (The database in the 
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Figure C9. van Krevelen diagram showing the overlay of the consolidated ions from 
different sampling sites based on IM-MS data: Aransas River (blue), Nueces 
Dam (orange), Lavaca River 1 (grey), Lavaca River 2 (yellow), Mission 
River (light blue), San Antonio River 1 (green), San Antonio River 2 (dark 
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